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Abstract
Abstract
The  Introduction  reports  an  overview  of  the  metal-mediated  synthetic  approach  to 
supramolecular assemblies, and focuses in particular on systems containing porphyrins.
Chapter  1  describes  the  unexpected  formation  and  structural  characterization,  both  in 
solution and in the solid state, of  a simple trinuclear metallacycle, a neutral molecular triangle 
featuring octahedral Ru(II) fragments as corners and pyrazine (pyz) linkers as edges. In fact, 
the combination of  the cis bis-acceptor precursor trans-[RuCl2(dmso-S)4] with the most rigid 
aromatic linear linker - pyrazine - leads, under a number of  different experimental conditions, 
to  the  selective  formation  of  the  neutral  molecular  triangle  [{trans,cis-RuCl2(dmso-S)2(μ-
pyz)}3], rather than to the anticipated molecular square. The X-ray structural  characterization 
of  the  trinuclear  metallacycle  and  theoretical  calculations  allowed  us  to  advance  some 
reasonable  hypotheses  on  the  reason  why  the  molecular  triangle  is  preferred  over  the 
expected molecular square.
Intrigued  by  such  unexpected  result,  we  decided  to  perform a  thorough  search  of  the 
pertinent literature: Chapter 2 contains, after a comprehensive classification of  the trinuclear 
metallacycles reported in the literature to date, an exhaustive description of  those that are 
structurally similar to the metallatriangle described in Chapter 1, i.e. that feature cis-protected 
metal fragments as corners and linear linkers as sides.
In Chapter 3 the preparation and characterization of  two simple porphyrin molecular tweezers 
are  reported.  The  two  compounds,  of  formula  [t,c,c-RuCl2(CO)2(Zn·4'MPyP)2]  and  [fac-
Re(CO)3Br(Zn·4'MPyP)2],  are  composed  of  a  neutral  octahedral  metal  fragment,  either 
Ru(II) or Re(I), that bears two zinc mono-pyridylporphyrins in  cis position. The zinc ions 
inside the porphyrin cores have an axial position available for further coordination. Thus, the 
two bis-porphyrin compounds can behave as “molecular tweezers” and bind appropriate N-
linkers in the cleft between the two porphyrins. The formation of  two axial N−Zn bonds 
leads to cyclic assemblies. The two tweezers were found capable of  binding a guest molecule 
of  cis-dipyridylporphyrin (4'-cisDPyP) with good affinity, thus forming stable tris-porphyrin 
metallacycles.
In Chapter 4 the synthesis and structural characterization of  new pyridylporphyrin-Re(I)-bipy 
adducts, in which a porphyrin bears either one or four Re(I)-bipy fragments in peripheral 
position,  are  described  in  detail. A  summary  of  their  photophysical  characterization 
(performed by the group of  Franco Scandola at the University of  Ferrara) is also reported. 
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Our interest  in this field was stimulated by recent papers from the group of  Perutz that 
described complexes of  formula [fac-Re(CO)3(3-pic)(bipy-M·porph)]+ (3-pic = 3-picoline, M 
= Zn or Mg), in which the porphyrin is connected to the bipy moiety through an amidic 
bond. Upon irradiation of  the porphyrin chromophore, a fast photoinduced electron transfer 
process  from  the  metalloporphyrin  to  the  Re(I)-bipy  fragment  was  observed.  In  our 
compounds,  the  dimer  [fac-Re(CO)3(bipy)(4'MPyP)](CF3SO3) and  the  pentamer  [fac-
{Re(CO)3(bipy)}4(μ-4'TPyP)](CF3SO3)4,  the  porphyrins  are  directly  coordinated  to  the  Re 
fragments  through the pyridyl  moieties.  We also prepared  the corresponding geometrical 
isomers obtained with 3' rather than 4' porphyrins: [fac-Re(CO)3(bipy)(3'MPyP)](CF3SO3) and 
[fac-{Re(CO)3(bipy)}4(μ-3'TPyP)](CF3SO3)4.  All  new  compounds  were  structurally 
characterized in the solid state by X-ray crystallography. The preliminar investigation showed 
that,  despite the structural  similarity between our systems and those described by Perutz 
(they are basically composed by the same fragments even though assembled differently), their 
photophysical  behaviour is quite different.
In the fifth and last Chapter of  this thesis the synthesis of  a new fascinating metal-mediated 
supramolecular “cage” of  porphyrins of  cylindrical shape and its structural characterization, 
both in solution and in the solid state, are described in detail. The molecular cylinder, whose 
X-ray structure is also reported, is composed by three metallacycles of  zinc porphyrins, of  
formula [t,c,c-RuCl2(CO)2(Zn·4'-cisDPyP)]2, that are axially connected to two tridentate 1,3,5-
pyridyl-2,4,7-triazine (TPT)  linkers  through  six  (pyridyl)N−Zn  coordination  bonds.  This 
supramolecular architecture represents a further example, after the molecular sandwiches of  
porphyrins described by our group a few years ago, of  how metallacycles of  zinc-porphyrins 
can be conveniently used as building blocks for the facile construction of  stable higher-order 
supramolecular assemblies. Chapter 5 also reports a preliminary investigation of  the synthesis 
of  a new slipped molecular sandwich of  porphyrins. The newly-shaped supramolecular multi-
porphyrin assembly is formed by two slipped-cofacial, rather than flat, metallacycles of  zinc-
porphyrins axially connected through two linear linkers.
Riassunto
Riassunto
Nell'introduzione si riporta una panoramica sulla sintesi di supramolecole mediata da metalli 
e, in particolare, si focalizza l'attenzione sui sistemi contenenti porfirine.
Il Capitolo 1 descrive l'inattesa formazione, per assemblaggio di frammenti lineari ed angolari 
a 90°, di un semplice metallaciclo trinucleare neutro avente ai vertici frammenti ottaedrici di 
Ru(II)  e, ai  lati,  molecole di pirazina (pyz).  Il  triangolo molecolare [{trans,cis-RuCl2(dmso-
S)2(μ-pyz)}3], ottenuto per reazione tra il precursore cis bis-accettore [trans-RuCl2(dmso-S)4] e 
la  pirazina,  il  più  corto  e  rigido dei  leganti  aromatici  lineari,  è  stato caratterizzato  sia  in 
soluzione che allo stato solido. L’atteso quadrato molecolare è stato osservato soltanto come 
specie  transiente.  La  caratterizzazione  strutturale  ai  raggi  X  del  triangolo  molecolare  e 
successivi calcoli teorici hanno permesso di avanzare alcune ipotesi sulle ragioni per le quali 
l'addotto triangolare risulta favorito rispetto al quadrato.
In seguito a questi risultati inattesi, è stata svolta una approfondita ricerca bibliografica sulla 
letteratura pertinente. Il Capitolo 2 contiene, oltre ad una classificazione dei numerosi tipi di 
metallacicli  trinucleari  riportati  in  letteratura,  un'esauriente  descrizione  di  quelli 
strutturalmente simili  al caso riportato nel Capitolo 1,  cioè aventi  frammenti metallici  cis-
protetti ai vertici e leganti ditopici lineari ai lati.
Nel Capitolo 3 sono riportate la sintesi e la caratterizzazione di due semplici esempi di pinze 
molecolari. I due sistemi, aventi rispettivamente formula [t,c,c-RuCl2(CO)2(Zn·4'MPyP)2] e [fac-
Re(CO)3Br(Zn·4'MPyP)2],  sono entrambi composti da frammenti metallici neutri,  Ru(II) o 
Re(I), con due zinco-monopiridilporfirine coordinate in posizione  cis. Dal momento che lo 
ione zinco predilige  la  pentacoordinazione,  la  sua  inserzione nelle due porfirine adiacenti 
introduce nel sistema due nuovi siti di coordinazione assiali sfruttabili per ulteriori reazioni. 
Questi complessi possono quindi essere considerati come pinze molecolari capaci di coordinare 
appropriati guest azotati, tramite due legami assiali N–Zn, con la conseguente formazione di 
sistemi ciclici di porfirine. I due complessi studiati si sono dimostrati capaci di coordinare una 
molecola di  cis-dipiridilporfirina (4'-cisDPyP) con buona affinità, formando metallacicli  tris-
porfirinici stabili.
Nel  Capitolo  4  vengono  riportate  la  sintesi  e  la  caratterizzazione  di  nuovi  sistemi 
piridilporfirina-Re(I)-bipy, nei quali le piridilporfirine possiedono uno o quattro frammenti 
luminescenti Re(I)-bipy coordinati perifericamente. È inoltre riportata una breve descrizione 
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della loro caratterizzazione fotofisica (effettuata presso il gruppo di ricerca del Prof. Franco 
Scandola dell'Università di Ferrara). Il nostro interesse nei confronti di questi sistemi è stato 
stimolato dalle recenti pubblicazioni di Perutz e collaboratori nelle quali vengono descritti 
diadi di formula generale [fac-Re(CO)3(3-pic)(bipy-M·porph)]+ (3-pic = 3-picolina, M = Zn o 
Mg): in tali composti la metallo-porfirina è connessa, tramite un legame ammidico, ad un 
frammento  bipy  che  si  coordina  al  renio.  In  questi  sistemi  l'irradiazione  del  cromoforo 
porfirinico induce un rapido trasferimento elettronico dalla  porfirina al  frammento Re(I)-
bipy. I complessi da noi preparati e caratterizzati, sia in soluzione che allo stato solido, sono il 
dimero [fac-Re(CO)3(bipy)(4'MPyP)](CF3SO3),  il  pentamero  [fac-{Re(CO)3(bipy)4(μ-4'TPyP)]
(CF3SO3)4  e i  corrispettivi  isomeri  geometrici,  [fac-Re(CO)3(bipy)(3'MPyP)](CF3SO3)  e  [fac-
{Re(CO)3(bipy)}4(μ-3'TPyP)](CF3SO3)4,  ottenuti  utilizzando  le  3'  invece  delle  4'-
piridilporfirine. In tutti i casi la porfirina è direttamente coordinata ai frammenti metallici Re-
bipy  tramite  i  gruppi  piridilici.  Studi  preliminari  dimostrano  che,  malgrado  le  analogie 
strutturali tra i due tipi di composti, che sono costituiti essenzialmente dagli stessi cromofori 
seppure assemblati in modo differente, il loro comportamento fotofisico è differente.
Nel quinto ed ultimo Capitolo di questa tesi vengono descritte la sintesi mediata da metalli e 
la caratterizzazione, sia in soluzione che allo stato solido, di una nuova  gabbia molecolare di 
porfirine di forma cilindrica. Il cilindro molecolare ottenuto, del quale è riportata anche la 
struttura  ai  raggi  X,  è  composto  da  tre  metallacicli  di  zinco-porfirine  di  formula  [t,c,c-
RuCl2(CO)2(Zn·4'-cisDPyP)]2 connessi assialmente a due molecole di legante tritopico azotato 
1,3,5-piridil-2,4,7-triazina (TPT) tramite la formazione di sei legami Zn−N(piridile). Questo 
sistema supramolecolare è un ulteriore esempio, dopo i molecular sandwich di porfirine descritti 
dal nostro gruppo in precedenti pubblicazioni, di come i metallacicli di zinco-porfirine siano 
degli  ottimi  componenti  per  la  facile  costruzione  modulare  di  elaborati  sistemi 
supramolecolari  contenenti  numerosi  cromofori  porfirinici.  Inoltre,  in  questo  capitolo  è 
riportato uno studio preliminare sulla sintesi di nuovi sandwich di porfirine aventi geometria 
“sfalsata”. Questa nuova tipologia di addotti è formata da metallacicli di zinco-porfirine con 
geometria a scalino, anziché planare, coordinati assialmente tramite connettori lineari.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction
Metal-mediated self-assembly of supramolecular systems
Central  to  supramolecular  chemistry1 is  the  concept  that  assemblies  of  molecular 
components (supramolecular structures) can be designed to perform relatively elaborate and 
useful tasks. The concept is currently being applied to the design of supramolecular systems 
capable  of  mimicking,  at  the  molecular  level,  functions  normally  performed  by  natural 
systems  or  by  artificial  macroscopic  devices  (e.g.  molecular-level  machines).2,3 Thus, 
supramolecular  chemistry can be viewed as the basis  for a "bottom-up" approach to the 
challenging fields of molecular electronics and nanotechnology.4 Moreover, the formation of 
supramolecular entities represents an abiological analogue of numerous biological processes 
mediated by collective interactions and recognition events between large molecules. 
In synthetic supramolecular chemistry the structural complexity is achieved by self-assembly 
and  self-organization  of  predetermined  fragments  through  non-covalent  bonds;  in  this 
modular approach the synthetic effort concerns the preparation of relatively small and simple 
units (building blocks). Self-assembly is a highly convergent synthetic approach and it has 
been employed to design a  variety  of  discrete  supramolecular  assemblies,  making use  of 
molecular recognition through hydrogen bonds, electrostatic and π-π stacking interactions, 
and coordination bonds to transition metal  ions.1,5 Indeed, recent years  have witnessed a 
growing number of supramolecular systems that incorporate metal ions as assembling and 
organizing centers.5 Metal-ligand coordinative bonding offers a series of advantages over the 
other non-covalent interactions,5 including: 1) thermodynamic features: metal-ligand bonding 
interactions are strong (bond energies of 40-120 kJ/mol per interaction) and have a greater 
directionality  compared  to  electrostatic  and  π-π  stacking  interactions  or  even  hydrogen 
bonding; 2) kinetic features: the relative inertness (or lability) of coordinative bonds can be 
fine-tuned according to the nature and oxidation state of the metal centers. Kinetically inert 
metal centers provide access to those assemblies which form most rapidly, while kinetically 
labile  metal  centers  allow  for  the  generation  of  supramolecular  architectures  at 
thermodynamic  equilibrium.  Since  self-assembled  discrete  supramolecules  are  normally 
favoured thermodynamically over oligomeric or polymeric systems, both by enthalpic and 
entropic  effects,  the  equilibrium  between  the  constituent  building  blocks  and  the  final 
product produces, in principle, self-healing assemblies that are relatively defect-free; 3) great 
versatility: the large and diverse number of coordination geometries of transition-metal ions 
can be exploited in the construction of  elaborate assemblies;  4)  precise control over the 
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architecture (shape and size) as well as of the charge and polarity (and thus solubility) of the 
assemblies;  5)  good  yields,  inherent  in  the  convergent  self-assembly  process;  6)  ease  of 
introduction of functionalities into the supramolecular assembly through the metal centers 
(e.g.  redox, photophysical,  magnetic properties)  and/or through the ancillary ligands (e.g. 
chirality).3, 5  Within this modular approach, defined by Mirkin and Holliday as the directional-
bonding  approach,6  the structural  units  of  the supramolecular  assemblies  can be reduced to 
simple rigid geometric figures with their ends acting as linkage points. In addition to their 
shape, the building blocks can be usefully classified in terms of their electron donor/acceptor 
properties.  In  fact,  most  of  the  metal-mediated  assemblies  reported  to  date  have  been 
obtained by treatment of metal  complexes (acceptor  building blocks)  with bi-  or polydentate 
organic linkers with suitable donor atoms (mainly nitrogen) in a desired spatial orientation 
(donor building blocks). Thus, the final shape, dimension, and topology of the self-assembled 
architecture will be defined by the coordination numbers and geometries of the metal centers 
as  well  as  by  the shape and  geometry  of  the  linkers,  including  the  number  and relative 
orientations of the peripheral basic sites (Scheme 1). 
Scheme  1. Molecular  polygons  and  polyhedra  created  via  systematic  combination  of 
polytopic building blocks with predetermined angles: acceptor building blocks are depicted in red 
whereas donor building blocks are depicted in blue. 
The metal  centers utilized can be either naked ions (in which case the coordination 
number  and  the  geometry  are  embedded  in  the  nature  of  the  ion)  or  coordination 
compounds in which the number and geometry of the coordination sites available for the 
construction of the macromolecule are controlled by the other non-participating ligands. 
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Introduction
A topic of particular interest is the construction of supramolecular two-dimensional and 
three-dimensional macrocycles through a modular metal-mediated synthetic approach. The 
general  self-assembly  principle  has  been applied  to the  design  of  three-dimensional 
architectures such as molecular cages and cage-type receptors of controllable size and shape. 
Fujita and Biradha coined the term "molecular paneling" to describe the construction of 
three-dimensional  structures  by  linking  two-dimensional,  multidentate,  planar  organic 
components (panels) through metal coordination complexes.7 
Relatively small changes in the nature of the  linkers may lead to final assemblies with 
very different architectures;  for example, Fujita and coworkers described two compounds 
formed by self-assembly of the ditopic cis-protected acceptor building block [Pd(en)]2+ (en = 
ethylenediamine), with two very similar tridentate triazine-based  linkers, L1 = 2,4,6-tris(3-
pyridyl)-1,3,5-triazine and L2 = 2,4,6-tris(4-pyridyl)-1,3,5-triazine, which differ only in the 
position  of  the  peripheral  N  atoms.  The  resulting  assemblies  share  the  same  M6L4 
stoichiometry but have quite  different  structures:  [{Pd(en)}6(L1)4][NO3]12 is  a  nanometer-
sized macrotricycle, while [{Pd(en)}6(L2)4][NO3]12 is an adamantoid nanocage.4,5,7,8 
It may happen that the combination of a pair of donor/acceptor building blocks leads 
to a series of products that may, or may not, be in equilibrium. This phenomenon has been 
described as resulting in a «combinatorial library».9-12 When these products are in equilibrium, 
the system is described to form a  «dynamic library».13 Often single products can be isolated 
from a dynamic library by means of specific host-guest interactions.
There are also examples of metal-containing donor fragments, i.e. complexed bridging 
ligands,  in  which  the  unbound  termini  of  polydentate  linkers  are  available  for  further 
coordination to other metal centers, thus leading to multi-metal assemblies.14-21 
The effectiveness and versatility of the metal-mediated self-assembly approach toward 
the synthesis of elaborate architectures is astonishing. In slightly more than two decades from 
the first report of a metal-mediated molecular square as described by Fujita and coworkers,22 
exciting  tridimensional  nanoscale  assemblies,  such  as  cuboctahedra  and  dodecahedra,23,24 
hexahedral capsules and nanotubes,7b, 25, 26 nanometer-sized cubes,27 and multicompartmental 
cylindrical nanocages28 have been described. 
Metal-mediated assemblies of porphyrins
The  interaction  between  light  and  natural  supramolecular  systems  is  of  paramount 
importance  for  life  on  earth,  principally  because  plants  and  bacteria,  by  means  of 
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sophisticated supramolecular  arrays of  chromophores,  convert  solar energy into chemical 
energy. These supramolecular systems are based on sets of several  chlorophylls or related 
chromophores  arranged  in  a  well-controlled  geometry  and  displaying  precisely  defined 
electronic properties. These assemblies  of tetrapyrrolic chromophores (i.e. porphyrins) are 
found both in the photosynthetic reaction centers (RCs) and in the various light harvesting 
complexes of plants and photosynthetic bacteria (Figure 1).29,30
Figure 1. Top left: X-ray structure of an integral membrane light-harvesting complex from 
photosynthetic purple bacterium Rhodopseudomonas acidophyla.
Right:  Schematic  picture  of  a  photosynthetic  reaction  center  from  the  bacterium 
Rhodopseudomonas Viridis:  the reaction center is composed of four protein subunits. Two of 
these,  the L and  M subunits,  each  form five  membrane-spanning  helices.  The  structure 
shows  the  precise  arrangement  in  the  L  and  M subunits  of  the  photochemically  active 
groups:  two  chlorophyll  molecules  forming  a  dimer,  two  monomeric  chlorophylls,  two 
pheophytin molecules (these lack the central magnesium ion of chlorophyll), one quinone 
molecule, called QA and one iron ion (Fe). The L and M subunits and their chromophores 
are related by a twofold symmetry axis that passes through the chlorophyll dimer and the 
iron. A third subunit, H, without active groups and located on the membrane inner surface, 
is anchored to the membrane by a protein helix.                                           
Consequently the interaction of light with relatively simple chromophores, such as the 
biologically ubiquitous porphyrins, has long been a topic of intense interest. The last two 
decades have seen remarkable developments in this field. The study of individual molecules 
that can absorb light to give long-lived excited states31 has been followed by the study of 
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more complicated polynuclear systems.32 Thus, within this general frame, there is substantial 
interest in the construction of multiporphyrin assemblies which can either mimic naturally 
occurring multichromophore aggregates, such as the photosynthetic reaction center and the 
light harvesting complex of purple bacteria, or which can be used as electron- and/or energy-
transfer  molecular  devices for advanced technological  tasks.33-40 Indeed,  over  the last  few 
years, various molecular devices based on oligoporphyrins have been designed and prepared; 
these include photoinduced molecular switches, optoelectronic gates, fluorescence quenching 
sensors,  photonic wires,  and molecular elements for information storage essential for the 
miniaturization  of  electronic  componentry  and  technology.41 The  geometry,  distance, 
orientation,  and  overlap  between  adjacent  chromophores  within  rigid  multiporphyrin 
architectures have a large influence over the properties of the entire assembly. 
Moreover, three-dimensional macrocyclic oligomers of metalloporphyrins are also being 
actively investigated as host molecules for homogeneous catalysis  and selective molecular 
recognition  that  can  result  from the  specific  geometry  of  cavities  defined by  porphyrin 
planes.42-47 Interestingly,  some oligomeric  porphyrins  have  been  tested  for  photodynamic 
therapy of tumors and DNA cleavage.48 
Design strategies  to develop solid-state  multichromophore arrays of  defined rigidity, 
dimensionality, porosity, and selectivity are also matter of active research.49 
In general the use of a flexible synthetic methodology with a building block approach is 
very  useful  whenever  a  specific  arrangement  of  porphyrin/metalloporphyrin  moieties  in 
space is  crucial  for  an efficient  operation.  Conventional  synthetic  strategies  to porphyrin 
arrays  have generally  proved quite  limiting;  they frequently  involve very  many sequential 
steps, separation of statistical mixtures and extensive chromatographic purification, typically 
resulting in low product yield. Several authors have developed building block strategies for 
array  formation  that  involve  condensation  and/or  coupling  reactions  of  appropriately 
functionalized  porphyrins.  Therefore,  any  covalent  synthetic  strategy  of  multiporphyrin 
arrays  must  take  into  account  both  the  porphyrins  functionalization  and  linkage 
implementation.50,51
Natural  systems  widely  use  hydrogen  bonds  and  weak  interactions  to  make  highly 
organized  structures.  By  means  of  these  weak-type  interactions  some  examples  of 
multiporphyrin self-assembled architectures have been built.52 Since the energy of a hydrogen 
bond lies in the range from 10 to 56 kJ/mol for neutral molecules, and rises up to 40-190 kJ/
5
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mol  between  ionic  components,  multiple  hydrogen  bonds,  which  ensure  higher  binding 
constants for self-assembled systems, are preferable.
The  metal-mediated  self-assembly  approach,  which  exploits  the  formation  of 
coordination bonds between peripheral basic site(s) on the porphyrins and metal centers, has 
recently allowed the design and preparation in reasonable yields of increasingly sophisticated 
supramolecular  architectures  whose  complexity  and  functions  begin  to  approach  the 
properties of naturally occurring systems.53, 54 Depending on whether the metal centers of the 
acceptor building blocks  belong to other porphyrins or to coordination compounds, very 
different discrete ordered architectures can be constructed (Scheme 2). 
   a        b
   c
Scheme 2. Discrete assemblies of porphyrins and metalloporphyrins with different structural 
motifs;  red  and  silver  balls  are metal  centers;  a)  metal-bridged  approach  b)  side-to-face 
approach c) hybrid  approach.
Metalloporphyrins can be acceptor building blocks provided that the metal inside the 
porphyrin  core  is  at  least  5-coordinated.  Oligomers  and  polymers  of  porphyrin  and 
metalloporphyrin  building  blocks  can  be  rationally  designed  through  selection  of  the 
coordination geometry of metals and the structure of the polydentate ligands involved in the 
supramolecular synthesis. Metal-ligand bonds cover a range of energy that depends  on the 
nature of the metal and the ligand. Many assemblies of metalloporphyrins are based on the 
axial Zn(II)–N (pyridine, imidazole) interaction, with an association constant of ca. 103 M-1. In 
these assemblies the linker(s) and the metalloporphyrin(s) have an orthogonal arrangement 
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(side-to-face assemblies). When the metalloporphyrins have one (or more) peripheral binding 
sites  self-coordination  can  occur  (Scheme  2b),  yielding  either  discrete  or  polymeric 
assemblies,  depending  mainly  on  the  concentration. The  other  class  of  multiporphyrin 
assemblies involves porphyrins with peripheral binding sites and exploits mainly (pyridyl)N-
metal bonds with second- and third-row transition metal ions like Re(I), Ru(II), Os(II), Pd(II) 
or  Pt(II).  They  normally  form  thermodynamically  very  stable  and  kinetically  inert 
coordination  complexes  with  nitrogen-containing  ligands.  However,  aggregates  based  on 
first-row transition  metal  ions  like  Fe(III)  and  Mn(III)  or  Mn(IV)  and  porphyrins  with 
peripheral  oxygen-donor  moieties  have  also  been  prepared.  The  overall  features  of 
porphyrins and metalloporphyrins,  including the electronic structure (acidity of the metal 
center), geometry and an access to the porphyrin core, can be designed by means of well-
planned peripheral substitutions either at β-pyrrole or meso-position(s).
Within  this  framework,  meso-pyridyl/phenyl  porphyrins  (PyPs),55 or  strictly  related 
chromophores,  proved  to  be  particularly  versatile  building  blocks:  PyPs  can  provide 
geometrically well-defined connections to as many as four metal centers by coordination of 
the pyridyl groups. Moreover, the peripheral N atom can be either in the 4' (4'PyPs), or in the 
3' (3'PyPs) position.56 Considering the number and relative geometry of the peripheral N(py) 
groups, 4'PyPs can be classified as  terminal,  90° angular,  linear,  T-shaped and  cruciform donor 
building blocks (Figure 2).
Figure 2. meso-4'pyridylporphyrins (4'PyPs) and  meso-3'pyridylporphyrins (3'PyPs) together 
with their schematic building block representations.
Our  group  has  a  well  recognized  expertise  in  the  construction  and  structural 
characterization of metal-mediated assemblies of porphyrins, whose photophysical properties 
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were extensively investigated.  Our results were recently reviewed57 and will be recalled in 
detail in the following chapters where appropriate. 
Among  the  many  examples  of  supramolecular  assemblies  of  porphyrins  obtained 
through the metal mediated self-assembly approach  by other groups, we report here some 
selected examples that are strictly pertinent to our results, i.e. Re(I)-pyridylporphyrin adducts, 
porphyrin tweezers and supramolecular cages of porphyrins.
Re(I)-porphyrins for photophysical applications
Porphyrins  and/or  metalloporphyrins  are  ideal  components  for  the  construction  of 
photoactive assemblies (supramolecular systems) designed to emulate, at the molecular level, 
light-induced functions typical of biological systems or of artificial macroscopic electronic devices 
such as photoinduced charge separation and antenna effect. 58, 59
Polypyridine  rhenium  triscarbonyl  complexes  are  particularly  attractive  molecular 
components, with interesting electrochemical and excited-state properties.60-65 The assembly 
of this type of unit with porphyrins yields polychromophoric arrays that might feature new 
and  useful  photophysical  properties  such  as  photoinduced  electron  or  energy  transfer 
processes. The  use  of  rhenium(I)  complexes  as  building blocks  for  the  construction  of 
porphyrin and metalloporphyrin assemblies based on direct rhenium(I)-pyridyl coordination 
has  been  investigated  extensively  by  Hupp  and  co-workers.61,66,67 The  photophysical 
properties of porphyrin arrays rigidly assembled via the neutral angular Re(I) fragment  fac-
[ReCl(CO)3] were studied in detail. An efficient porphyrin–porphyrin singlet energy transfer 
process was observed in the bis-porphyrin derivatives containing both metallated and free-
base   porphyrins.67
Recently,  Perutz  and  co-workers  reported  the 
synthesis  and  photophysics  of  magnesium and  zinc 
porphyrins covalently linked via an amide bond to a 
rhenium-(bipyridine)-triscarbonyl unit.(Figure  3)  The 
coordination sphere of Re(I) is completed either by a 
bromide or by a 3-picoline (3-Pic). The design of the 
assembly allows for probing of the porphyrin moiety 
via  absorption  and  emission  spectroscopy  and  the 
rhenium-bipyridine moiety via IR spectroscopy. 
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Figure 3. Re(I)-porphyrins adducts 
from Perutz and co-workers.
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The conjugated  bridge  and  the  electron  accepting  properties  of  the  [Re(CO)3(3-Pic)
(Bipy)]+ unit make this design well adapted for fast electron transfer. Although there is no 
discernible  interaction  between  the  rhenium-(bipyridine)-triscarbonyl  and  the 
metalloporphyrin  moieties  in  the ground electronic  state,  the systems exhibit  remarkable 
photophysical  and  photochemical  properties.  When  the  assembly  is  excited  at  long 
wavelengths  in  a  region  where  all  absorption  relates  to  the  metalloporphyrin,  electron 
transfer from the porphyrin to the rhenium bipyridine unit occurs on an ultrafast time scale. 
In the case of the magnesium porphyrin, the IR bands of the charge-separated excited state 
are observed after 1.5 ps and decay in ca. 20 ps. For the zinc analogue, the corresponding rise 
takes ca. 5 ps and the decay 40 ps. The charge-separated excited state may be approximated 
by the description [{Re+(CO)3(3-Pic)(Bipy)}–  - MTPP●+].  The assembly returns to its initial 
(vibrational and electronic ground state) with a time constant of 35-55 ps. This rapid charge 
separation and back electron transfer process provides a mechanism for quenching of the 
porphyrin emission that is solvent dependent. The system is reversible in the absence of an 
added  electron  donor  but  undergoes  an  irreversible  reaction  at  the  reduced  rhenium- 
bipyridine  center  in  the presence of  added triethylamine.  The observation  of  productive 
reaction at the rhenium site on irradiation into the absorption of the metalloporphyrin site is 
compatible with ultrafast back electron transfer provided that i) triethylamine coordinates to 
zinc or magnesium prior to absorption and ii) electron transfer from the metalloporphyrin to 
the bipyridine is followed rapidly by irreversible electron transfer from the triethylamine to 
the metalloporphyrin.
The experiments demonstrate the benefits of the incorporation of carbonyl ligands on 
the electron acceptor, since the sequence of charge separation and back electron transfer can 
only be identified correctly with the aid of the time-resolved IR data. They emphasize the 
utility  of  the  [Re(CO)3(3-Pic)(Bipy)]+ unit  as  an  electron  acceptor  and  the  rapidity  of 
photoinduced electron-transfer processes even in quite large and complex molecules.68
Host-guest chemistry with multi-porphyrin assemblies
The host-guest chemistry of multi-porphyrin assemblies is of lofty relevance in the field 
of sensors\receptors because of the peculiar photophysical properties of the porphyrins and 
for this reason this topic has been extensively studied.
Reed  and  Boyd  reported  that  the  complex  obtained  by  coordination  of  two  3'-
monopyridylporphyrins  (3'MPyP)  to  the  trans-PdCl2  fragment  behaves  as  a  jaw-like 
9
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supramolecular tweezer for the inclusion of fullerene (Figure 4).69 This palladium bisporphyrin 
complex,  once  the  two porphyrins  were  metallated  with  Pd,  showed to  have  a  binding 
constant of 5.2 × 103 M-1 for C60. 
Figure 4. X-ray crystal  structure of  an inclusion complex of C60 in a bisporphyrin palladium 
complex (from ref. 69).
Sauvage and co-workers70 reported the  formation in  solution of  a 1:1 tris-porphyrin 
macrocyclic assembly between the oblique bis-zincporphyrin molecule  ZnP2 and 4'-cisDPyP 
(Scheme 3) with an association constant of about 6.8 × 108 M-1.
Scheme 3. Schematic synthesis of the  1:1 tris-porphyrin macrocycle reported by Sauvage 
and co-workers.
Ballester and co-workers have recently synthesized three zinc–bisporphyrin tweezers, a 
–  c, in  which the porphyrins are connected through isomeric  bis-ammido phenyl linkers 
(Figure 5). The tweezers differ in the three-dimensional arrangement of the zinc binding sites 
and behave differently toward a linear linker such as DABCO (1,4-diazabicyclo[2.2.2]octane). 
When treated with DABCO, two bisporphyrins,  a and b, form simple 1:1 intramolecular 
host-guest  adducts  (sandwich  complexes),  whereas  c forms  a  stable  2:2  intermolecular 
sandwich assembly.71
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Figure 5. The three  bisporphyrins systems a (ortho-dimer), b (meta-dimer) and c (para-dimer) 
and their relative sandwich assemblies (from ref. 71).
Supramolecular cages of porphyrins
The field of supramolecular cage-systems built by self assembly is a relatively new and 
intriguing  part  of  supramolecular  chemistry:  the  metal-mediated  synthetic  approach  has 
permitted the synthesis of new systems, of increasing complexity, that  might find a wide 
range of applications, (i.e. molecolar sensors or receptors,  supramolecular catalysts..).  Our 
group  described  sandwich-type  molecular  cages  obtained  by  self-assembly  of  two 
metallacycles of zinc-porphyrins axially connected by two linear linkers. The case in which 
the linkers were two trans-dypyridylporphyrins was also structurally characterized in the solid 
state.72
Hupp and co-workers described the formation of well defined prism-shaped assemblies 
featuring three,  six,  or  nine porphyrins.  As illustrated in Scheme 4,  the prisms form via 
reversible axial coordination of triethynylpyridylbenzene (L) to zinc-porphyrin rods featuring 
from 1 to 3 chromophores connected at trans meso positions.73
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Scheme 4.  Schematic view of the formation of the prism-shaped assemblies reported by 
Hupp (from ref. 73).
Ballester  and  co-workers  described  the  thermodynamic  characterization  of  the  self-
assembly of a stable 2:3 double-decker molecular coordination cage composed by two Zn- 
trisporphyrin molecules axially connected by three DABCO linkers (Figure 6). The formation 
of the cage was followed by UV-vis and ITC (ITC = isothermal calorimetry) titrations and an 
association constant of 8±2 × 1027 M-4 was determined. The cage complex features a large 
well-defined  cavity  and  can  act  as  host,  forming  intracavity  complexes  with  flat  guest 
molecules such as benzene-1,3,5-tricarboxamide derivates.74
Figure 6. Calculated model of the double decker molecular cage reported by Ballester (from 
ref. 74).
In a very elegant example of molecular paneling, Fujita and co-workers reported the 
quantitative self-assembly of a porphyrin prism from three 3'TPyP and six [Pd(en)(NO3)2] 
building blocks (Figure 7).75 The spatially fixed porphyrin cores surround a large hydrophobic 
cavity  which should be capable  of  accommodating neutral  organic  molecules  in  aqueous 
solution.
12
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Figure 7. Metal-mediated, self-assembled porphyrin prism by Fujita (from ref. 75).
The X-ray crystal structure was also determined, showing the six palladium atoms at the 
apical positions of the prism with the shortest Pd···Pd distance of approximately 9 Å.
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[55] Abbreviations:  5-(4'pyridyl)-10,15,20-triphenylporphyrin  (4'MPyP);  5,10-bis(4'pyridyl)-15,20-
diphenylporphyrin  (4'-cisDPyP);  5,15-bis(4'pyridyl)-10,20-diphenylporphyrin  (4'-transDPyP);  5,10,15-
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Self-assembled metallacycles with pyrazine edges
Introduction
The metal-mediated rational construction of discrete molecular assemblies is one of the
thriving  areas  of  supramolecular  chemistry.1 Many  examples  of  structurally  fascinating 
compounds have been designed and prepared according to this synthetic paradigm and some
of them are finding applications as  receptors and molecular vessels  for trapping reactive 
intermediates,2a,b and for stoichiometric2c and catalytic reactions.3
We  have  shown  that  the  Ru(II)-dmso  compounds  [trans-RuCl2(dmso-S)4]  (1)  and 
[trans,cis,cis-RuCl2(CO)2(dmso-O)2]  (2),  after  dissociation  of  two  cis-coordinated  sulfoxides, 
lead  selectively  and under  mild  conditions to  the highly  symmetrical  90°  cis bis-acceptor 
neutral  fragments  [trans,cis-RuCl2(dmso-S)2]  and  [trans,cis-RuCl2(CO)2],  respectively.4 
Stimulated by the results obtained with pyridylporphyrin linkers, we decided to investigate 
the reactivity of these two versatile precursors also towards a simple linear and rigid linker 
such as pyrazine.
According to the directional-bonding approach by Holliday and Mirkin5 (previously defined 
as the molecular library model by Stang and co-workers6), the combination of a 90°-angular  cis 
bis-acceptor metal fragment with an equimolar amount of a linear linker should,  in principle, 
lead selectively to the corresponding 4+4 molecular square (Scheme 1). 
Scheme 1. Self-assembly  of  a  90°-angular  metal  fragment  with a linear  linker  to yield  a 
molecular square.
This was actually  found by Fujita  and co-workers in 1990 when they described the 
selective preparation of the molecular square [{Pd(en)(μ-4,4'-bipy)}4](NO3)8 by self-assembly 
of Pd(en)(NO3)2 (en = ethylenediammine) and 4,4'-bipy (4,4'-bipy = 4,4'-bipyridine), in what 
is universally recognized as the first example of a rationally designed metallacycle.7 However, 
the  outcome  of  this  apparently  straightforward  self-assembly  reaction  is  indeed  scarcely 
predictable, also with simple linkers such as 4,4'-bipy.8,9  There are indeed several examples in 
which the directional preference of the components is not fulfilled and the combination of 
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pre-determined linear linkers and 90° angular metal fragments leads to mixtures of molecular 
squares and molecular triangles which may,8-15 or may not,16,17 be in equilibrium (Scheme 2). 
Scheme 2. Self-assembly  of a  90°-angular  metal  fragment  with a linear  linker to yield a 
mixture of molecular squares and molecular triangles.
In some cases formation of triangles occurs exclusively.18-26 in others, molecular triangles 
are found in the solid state and it is unclear what species occur in solution.27,28 
This general topic will be discussed in detail in the next Chapter. Here we report that 
combination of [trans-RuCl2(dmso-S)4] and pyz leads to the selective formation of the neutral 
molecular  triangle  [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3]  (3),  rather  than  the  anticipated 
molecular square (Scheme 3). We also report a detailed discussion, supported by the X-ray 
structures  of  3 and  of  the  corner  complex  [trans,cis,cis-RuCl2(dmso-S)2(pyz)2]  (6),  and  by 
theoretical calculations, on the reasons for this preference.
Scheme 3. The reaction of [trans-RuCl2(dmso-S)4] (1) with an equimolar amount of pyrazine 
(pyz) yields the neutral molecular triangle [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3] (3).
Results
A 12 mM chloroform solution of 1, upon addition of an equivalent amount of pyrazine, 
turns from yellow to deep red-orange within a few minutes: the absorption maximum shifts 
from 440 nm to 375 nm (plus a shoulder at  ca.  450 nm), with a ca.  40-fold increase in 
intensity. When the reaction was monitored by 1H NMR spectroscopy (see experimental), the 
following observations were made: i) the resonance of free pyz (δ = 8.59) disappeared within 
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Self-assembled metallacycles with pyrazine edges
minutes and was replaced by three downfield shifted singlets (δ = 9.36 (3), 9.49 (4), and 9.74 
(5)), typical of pyz in a symmetrical environment, with an integration ratio of ca. 50 (3) : 15 
(4)  :  35  (5)  (Figure  2);  ii)  well  resolved  dmso-S  singlets,  with  three-fold  integrals,  are 
associated to both species  3 and 4 (δ = 3.31 (3), 3.20 (4)), i.e. as expected for symmetrical 
metallacyclic species with [trans,cis-RuCl2(dmso-S)2] corners and bridging pyz molecules as 
edges;  iii) the resonances of  5 and, more slowly, those of  4 disappeared with concomitant 
formation of a red precipitate, probably due to polymeric species that resulted insoluble in all 
tested organic solvents (except dmso) and in water.29
During the first hour of reaction some very broad resonances in the region of pyz were 
observed, possibly due to oligomeric species still in solution. After 2 h the only detectable 
species in solution (with sharp proton NMR signals) was 3 (Figure 1).
Figure 1. Downfield  region of  the  1H-NMR spectrum (CDCl3)  of  the reaction between 
[trans-RuCl2(dmso-S)4] (1) and pyz (1:1) after 10 min (top) and after 2h (bottom). The singlets 
originate from pyz coordinated in symmetrical environments.
Compound 3 could be precipitated from these (or more concentrated) solutions upon 
addition  of  methanol.  The  solutions  of  3 in  chloroform were  substantially  stable,  even 
though they  turned  greenish within a  few days  and some additional  dark-red precipitate 
formed, probably because of slow hydrolysis of dmso. 
Similar results, always with concomitant formation of precipitate, were found when the 
reaction between  1 and pyz was performed in refluxing chloroform (1 hour)  or at  room 
temperature in other solvents  (dichloromethane, nitromethane, methanol,  water,  acetone). 
Formation of the precipitate was avoided by a four-fold reduction of the concentration of 
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the reactants ([1] = [pyz] = 3 mM). In this case, being the reaction slower, some less intense 
resonances for end-on Ru-pyz species could be observed in the first minutes after mixing of 
reagents. After 1 day the only visible resonance for pyz was the singlet of compound 3 but 
the amount of free dmso was larger than expected (i.e. more than the residual bound dmso-
S). Since there was no precipitate, this implies that not all pyz and Ru are involved in the 
formation of  3 and that in solution there must be oligomeric species containing pyz and 
dmso whose NMR signals are too broad to be detected.
Based  on  the  above  results,  we  anticipated  that  both  3 and  4 are  symmetric 
metallacycles of formula [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}n], most likely a molecular triangle 
(n = 3) and a molecular square (n = 4). On the other hand, compound  5 is most likely a 
dinuclear  intermediate,  i.e.  [{trans-RuCl2(dmso-S)3}2(μ-pyz)]  or  [{trans-RuCl2(dmso-
S)2(H2O)}2(μ-pyz)] (the region of dmso-S resonances for this compound is not very clear due 
to  the  general  low  abundance  of  5 and  to  overlapping  signals  and  does  not  allow  to 
determine the number of bound dmso ligands). This hypothesis is consistent with the time 
evolution of  5 and with the downfield shifted pyz resonance in this species. It was indeed 
suggested that for species in which pyz bridges diamagnetic metal fragments, the frequency 
of the pyz protons resonance depends on the metal/pyz ratio: it is expected to occur more 
downfield  in  dimers,  in  which  pyz/metal  =  2,  compared  to  metallacycles  in  which 
pyz/metal = 1.30,31
Treatment  of  1 with  a  20-fold  excess  of  pyz  led  to  the  isolation  of  [trans,cis,cis-
RuCl2(dmso-S)2(pyz)2] (6).32 The 1H NMR spectrum of 6 in CDCl3 consists of two doublets 
(4H each) at δ = 9.29 and 8.57 for the two equivalent end-on pyz molecules and one singlet 
(12H) at  δ = 3.28 for the equivalent dmso-S ligands. Compound 6 is an example of  metal-
containing ligand and can be regarded as a good model for the corner of metallacycles 3 and 4.
In order to favour the formation of the molecular square 4 we attempted an alternative 
approach, i.e. the reaction of 1 with an equimolar amount of the complementary fragment 6 
(Scheme 4). The reaction was performed in CDCl3 at ambient temperature and monitored by 
1H NMR spectroscopy. 
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Scheme 4. The reaction  of  [trans-RuCl2(dmso-S)4]  (1)  with  an  equimolar  amount  of  the 
complementary corner complex [trans,cis,cis-RuCl2(dmso-S)2(pyz)2] (6) yields again the neutral 
molecular triangle [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3] (3).
Within  minutes  the  resonances  of  the  starting  compounds  disappeared  and  were 
replaced by those of 3 and 4 (as before, the sharp pyz singlets of the two metallacycles are 
accompanied by very broad and weak resonances in  the pyz region).  In this case  4 was 
initially more abundant than  3, but gradually decreased with time (hours) and the reddish 
insoluble precipitate formed. After a few hours at room temperature (or ca. 1 h at 30 °C) the 
only  species  detectable  in  solution  was  again  3.  Consistent  with  the  hypothesis  that 
compound  5 is  a  dinuclear  species,  its  resonances  were  not  observed  in  this  case.  The 
prevailing formation of metallacycle 4 in the initial stage of this reaction is consistent with the 
hypothesis that 4 is a molecular square. In fact, the two complementary angular fragments 1 
and 6 have a higher degree of predisposition to give a molecular square, compared to 1 and 
pyz. In addition, formation of the molecular square is favoured also on entropic terms, since 
in  this  case  only  4  rather  than  8  fragments  have  to  be  assembled.  However,  the  rapid 
formation of the molecular triangle  3 from the mixture of  1 and  6 suggests that some pyz 
ligand must rapidly dissociate from 6 (even though no signal for free pyz was observed in the 
NMR spectrum). In both cases, the gradual disappearance of the resonances of 4 seems to be 
concomitant with the formation of the precipitate (polymeric material). 
Attempts  to  obtain  molecular  mass  data  through  ESI-MS  experiments  were 
unsuccessful, and only mononuclear fragments could be detected. Crystals of 3 suitable for 
X-ray investigation were obtained from a chloroform solution by slow diffusion of n-hexane. 
Solid-state structure of 3
The X-ray investigation indicated that compound 3 is indeed the trinuclear metallacycle 
[{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3], which is actually the first example of a neutral molecular 
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triangle with pyrazine edges and octahedral metal corners. When redissolved in CDCl3, the 
crystals gave the typical NMR spectrum of 3, indicating that no isomerization had occurred 
during crystallization. In addition, no resonances corresponding to  4 and  5 appeared with 
time, confirming that 3 is stable in chloroform solution.
The ORTEP drawing of 3 is depicted in Figure 2 and a selection of bond lengths and 
angles is reported in the label. The metallacycle presents a pseudo threefold symmetry axis 
and a view down this direction evidences that all the dmso oxygens are oriented in the same 
direction with each S=O bond eclipsing one of  the coordination bond in  the equatorial 
plane. The bridging pyrazines form dihedral angles with respect to the Ru3 plane in the range 
66.0(2)-73.2(3)°, with a  syn,syn,anti orientation. The Ru···Ru distances (side of the triangle) 
vary from 7.00 to 7.18 Å. 
Figure 2. X-ray structure of molecular triangle 3.
The structure analysis of 3 shows that the strain within the small metallacycle does not 
affect  significantly  the  coordination  geometries  of  the  Ru  ions,  which  are  only  slightly 
distorted with respect to ideal 90° angles. The largest deviations concern, as expected, the N–
Ru–N  angles,  that  fall  in  the  range  from  80.7(3)  to  86.0(3)°.  However,  they  are  not 
significantly different from the N–Ru–N angle of 84.73(12)° found in the X-ray structure of 
the corner complex [trans,cis,cis-RuCl2(dmso-S)2(pyz)2] (6) (see below). 
In the molecular triangle 3 the largest distortions with respect to an ideal coordination 
geometry concern the Ru–N bonds: in fact the pyrazine molecules, which are basically planar 
(the N–centroid(pyrazine)–N angles are in the range from 176.2 to 178.1°), are not linearly 
coordinated, but significantly tilted as apparent from the centroid(pyrazine)–N–Ru angles 
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that fall in the range from 165.3 to 171.9°. For comparison, in 6 these angles are 179.2 and 
176.6°, i.e. much closer to the ideal value of 180°. 
The crystal packing of 3 shows that the molecular triangles stack on top of each other 
along the  a axis  to form columns.  The stacking is  antiprismatic,  i.e.  in  each column the 
metallacycles are related by centers of symmetry and separated alternatively by ca. 6.49 e 7.99 
Å (Figure 3). The packing indicates that 37.1 % of unit cell is occupied by solvent laying in 
between  the  piled  complexes  and  3.5  chloroform  molecules  of  crystallization  per  each 
triangular unit were successfully refined. 
Figure 3. Left: crystal packing of  3 showing the molecular triangles piled along the  a axis 
referred by centers of symmetry (small black dots, molecules of CHCl3 are in black). Right: 
view of two stacked molecular triangles down axis a (bottom triangle is in black). 
The  corner  complex  6 (Figure  4)  presents 
coordination distances that are overall comparable to those 
found in  analogous Ru(II)  complexes,33 and slightly,  but 
significantly, shorter than those measured in the molecular 
triangle 3 . The S=O bonds of the two dmso-S ligands are 
almost  coplanar  with  the  RuS2 plane,  confirming  the 
stereochemistry found in 3 and in other octahedral Ru and 
Rh complexes.34 The two pyrazine ligands form dihedral 
angles  of  71.6(1)  and  62.0(1)°  with  the  equatorial 
coordination plane. As noted above, the N–Ru–N angle in 6 is similar to those found in the 
metallacycle 3. This geometrical feature can be mainly ascribed to the steric demand of the 
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Figure 4. ORTEP drawing (40% 
probability ellipsoid) of complex 
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trans-located dmso-S ligands:  in fact  in  6 the S–Ru–S angle is  93.1°,  and similarly it  falls 
within the range 93.5 – 94.2° in 3. For comparison, in the corresponding corner complex in 
which  the  dmso-S  ligands  are  replaced  by  the  less  sterically  demanding  CO  ligands, 
[trans,cis,cis-RuCl2(CO)2(pyz)2]  (7),  the  X-ray  structure  shows  that  the  N–Ru–N  angle 
(88.49(13)°), and correspondingly also the angle between the two trans ligands, OC–Ru–CO 
(88.0(2)°), are much closer to the ideal value of 90°.
Calculations
In  an  attempt  to  rationalize  the  surprising  stability  of  the  molecular  triangle  3, 
calculations were performed (by Prof. M. Stener, Dipartimento di Scienze Chimiche) on this 
species,  on  the  corner  complex  6,  and  on  the  hypothetical  molecular  square  [{trans,cis-
RuCl2(dmso-S)2(μ-pyz)4] (4). The calculated geometrical parameters of  3 (Figure 5), and in 
particular the averaged mean N–Ru–N (83.1°) and centroid(pyrazine)–N–Ru (168.2°) angles, 
are in excellent agreement with those determined by X-ray crystallography (see above). As 
expected, the corresponding angles calculated for the molecular square 4 (88.1° and 178.6°, 
respectively, Figure 5) are closer to the ideal values. On the contrary, the calculated structure 
for the corner complex 6 does not fit very well with the crystallographic structure, since all 
angles are closer to the ideal values: for example the calculated N–Ru–N angle is 88.2°, to be 
compared with 84.73(12)° found experimentally.
Figure 5. Calculated optimized geometries of molecular triangle 3 and molecular square 4. 
The X-ray diffraction data evidenced that the main distortions in the molecular triangle 
concern the N–Ru–N (α) and the centroid(pyrazine)–N–Ru (β) angles. In order to assess the 
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energetics  involved  in  these  distortions  with  respect  to  the  ideal  coordination,  we  have 
performed  calculations  on  modified  structures  of  6,  in  which  both  α and  β were 
systematically varied (Figure 6) and the energy differences with respect to the minimum value 
calculated. 
Figure 6. Schematic representation of the distortions that affect the N–Ru–N (α) and the 
centroid(pyrazine)–N–Ru (β) angles.
The results, represented as energy profiles with respect to the two angles (Figure 7), 
show that indeed variations of the tilt angle  β are much less energy demanding than those 
concerning  distortions  of  the  N–Ru–N  angle  α.  In  order  to  give  a  more  quantitative 
description of such effects, we have plotted in the lower panel of Figure 7 the energy as a 
function of the square angle, obtaining an excellent linear relationship which indicates that 
harmonic  profiles,  E =  1/2k1(Δα)2 and  E =  1/2k2(Δβ)2,  are  actually  found  for  both 
distortions. The linear regressions provide the values for the force constants, k1 = 0.154 and 
k2 = 0.024 kcal mol-1degrees-2, showing that α is over six times more rigid than β. 
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Figure 7. Upper panel: calculated energetic profile of 6 as a function of the variation of the 
tilt  angle of pyrazine (Δβ  ,  filled circles)  and of the N–Ru–N angle (Δα, hollow circles). 
Lower panel:  calculated energetic profile  of  6 as a function of the square angle for both 
distortions.
The internal energy difference involved in the reaction 4Δ  3□ was calculated to be 
-14.4 kcal/mol in favor of the square, which means 0.6 kcal per fragment. This large calculated 
difference is not unexpected since, as noted above, calculations were unable to reproduce 
well the geometry of the corner fragment  6: the X-ray structures suggest that much of  the 
enthalpic toll for the distortion of the N–Ru–N angle has been already paid for in the synthesis 
of  6 and  should  not  contribute  to  a  large  extent  to  the  formation  of  the  trinuclear 
metallacycle 3. In addition, internal energy can not be employed as a stability argument, since 
entropic effects are completely neglected. In particular, the contribution of solvent entropy is 
expected to be quite significant, but it is hard to assess.
Conclusions
A thorough discussion of the results described above, in comparison with literature data 
from previous similar examples of cationic molecular triangles with pyz edges and Rh(I) or 
Pt(II) corners,20,21 is postponed to the next Chapter.
Here we wish to remark that the metallacycle [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3] (3) is 
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Self-assembled metallacycles with pyrazine edges
the first example of a  neutral molecular triangle with octahedral (rather than square-planar) 
metal corners  and  pyrazine  edges.  It  was  selectively  obtained  (together  with  polymeric 
material) from the reaction of the neutral 90° angular precursor [trans-RuCl2(dmso-S)4] (1) 
either  with  pyrazine,  in  a  number  of  different  experimental  conditions,  or  with  the 
complementary corner fragment [trans,cis,cis-RuCl2(dmso-S)2(pyz)2] (6). Taken together, these 
results suggest that the molecular triangle is both the thermodynamic and the kinetic product 
of the reactions described above.
The  X-ray  structure  of  3 shows that  the  main  distortions  in  the  molecular  triangle 
concern the N–Ru–N and the centroid(pyrazine)–N–Ru angles,  that  are smaller than the 
ideal values of 90° and 180°, respectively. However, a N–Ru–N angle remarkably smaller 
than 90° was found also in the molecular structure of the strain-free corner complex 6. We 
attributed this distortion in 6 to the steric demand of the trans-located dmso-S ligands.
Calculations performed on 6 indicated that it is much harder (ca. six times) to change 
the N–Ru–N angle than the centroid(pyrazine)–N–Ru angle, i.e. the coordination geometry 
of pyrazine is rather flexible. 
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Experimental part
[{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3]  (3).  To  a  yellow-orange  solution  of  trans-
[RuCl2(dmso-S)4] (1) (203.0 mg, 0.41 mmol) in chloroform (5 mL) an equimolar amount of 
pyrazine (33.4 mg, 0.41 mmol) was added. Within a few min the solution turned deep red. A 
ruby-red precipitate formed overnight at room temperature and was removed by filtration. 
Addition of methanol to the mother liquor induced the precipitation of an orange-red solid, 
which was filtered off and thoroughly washed with methanol. For further purification, the 
solid was redissolved in the minimum amount of chloroform, rapidly filtered over celite to 
remove small amounts of residual solid, and finally rotary-evaporated to dryness. The dry 
solid  was  pure  3 according  to  1H NMR analysis.  Yield:  75  mg  (45%).  Anal.  Calcd  for 
C24H48N6Cl6O6Ru3S6 (Mr 1224.95): C, 23.5; H, 3.95; N, 6.86. Found: C, 23.9; H, 4.02; N, 6.93. 
1H NMR (CDCl3, δ ppm): 9.37 (s, 12H, pyz), 3.31 (s, 36H, dmso-S). UV/visible spectrum in 
CHCl3 (λmax, nm): 375, 450 (sh). Crystals of 3 suitable for X-ray investigation were obtained 
from a chloroform solution by slow diffusion of n-hexane.
[trans,cis,cis-RuCl2(dmso-S)2(pyz)2]  (6). To  a  yellow-orange  solution  of  [trans-
RuCl2(dmso-S)4] (1) (203.0 mg, 0.41 mmol) in chloroform (10 mL) a 20-fold molar excess of 
pyrazine (652.4 mg, 8.2 mmol) was added. After standing overnight at room temperature, 
during which time the solution turned deep red, the solvent was rotary-evaporated. Addition 
of 1 mL of acetone to the remaining oil, induced the rapid formation of deep red crystals 
(suitable for X-ray investigation) that were removed by filtration, rapidly washed with cold 
acetone and diethyl-ether and vacuum dried at room temperature.  Yield 140.2 mg (70 %). 
Anal. Calcd for C12H20N4Cl2O2RuS2 (Mr 488.40): C, 29.5; H, 4.13; N, 11.5. Found: C, 29.4; H, 
4.05; N, 11.4. 1H NMR (CDCl3, δ ppm): 9.29 (d, 4H, H2,6), 8.57 (d, 4H, H3,5), 3.28 (s, 12H, 
dmso-S). Selected IR (KBr, cm-1):  νS=O 1097 (vs);  νRu-S 425 (m);  νRu-Cl 341 (m).  UV/visible 
spectrum in CHCl3 (λmax, nm): 320 (with very broad tail that covers all visible range).
[trans,cis,cis-RuCl2(CO)2(pyz)2]  (7). To  a  yellow  solution  of  [trans,cis,cis-RuCl2(dmso-
O)2(CO)2]  (2)  (103.0  mg,  0.27  mmol)  in  chloroform (2  mL)  a  20-fold  molar  excess  of 
pyrazine  (430.0  mg,  5.4  mmol)  was  added.  Small  crystals  of  the  product  precipitated 
spontaneously from the solution after a few days at ambient temperature;  the amount of 
precipitate was increased by gradual addition of ca. 2 mL of diethyl ether (over three days). 
The yellow crystals were collected by filtration, washed with cold methanol and diethyl ether 
and  vacuum  dried  at  room  temperature.  Yield  70  mg  (67  %).  Anal.  Calcd  for 
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C10H8N4Cl2O2Ru (Mr 388.17): C, 30.9; H, 2.07; N, 14.4. Found: C, 31.1; H, 2.04; N, 14.3. 1H 
NMR (CDCl3, δ ppm): 9.00 (d, 4H, H2,6), 8.80 (d, 4H, H3,5). Selected IR (KBr, cm-1): νC=O 
2071 (s), 2003 (vs); νRu-Cl 339 (m).
Crystallographic Measurements. 
Diffraction data for the structure of 3 were collected at the X-ray diffraction beamline of the 
Elettra  Synchrotron,  Trieste  (Italy),  using  the  rotating  crystal  method  with  the 
monochromatic  wavelength  of  1.2  Å.  Data  were  collected  on  a  CCD  MAR  detector. 
Measurements were performed at 100 K using a nitrogen stream cryo-cooler. Data collection 
of  6 and of  7 were  carried  out  on a  Nonius  DIP-1030H system (Mo-Ka radiation,  l  = 
0.71073 Å) and on a Bruker Kappa CCD imaging plate mounted on a Nonius FR591 rotating 
anode (l= 1.54178 Å), respectively. Cell refinement, indexing and scaling of all the data sets 
were performed using programs Denzo and Scalepack.35 The structures were solved by direct 
methods  and  subsequent  Fourier  analyses36 and  refined  by  the  full-matrix  least-squares 
method based on F 2 with all observed reflections.36 A difference Fourier map in 3 revealed 
the presence of 3.5 molecules of chloroform in the asymmetric unit. The contribution of 
hydrogen atoms at calculated positions were included in final cycles of refinement. All the 
calculations were performed using the WinGX System, Ver 1.70.01.37
Computational methods
The electronic  structures  of  the  systems considered  in  this  work were  obtained  by 
solving the Kohn-Sham (KS) equations, according to the Density Functional Theory (DFT) 
formalism.38 The ADF program,39 which solves the KS equations with the standard LCAO 
implementation,  was employed.  The following basis  sets  belonging to the ADF database 
were adopted: Ru TZP frozen core 3d; Cl and S DZP frozen core 2p; C, N and O DZP 
frozen core 1s; H DZP. Such choice has proven accurate and computationally economic in 
previous works on transition metal complexes.40 The geometries of the molecular triangle 
[{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3] (3), of the molecular square [{trans,cis-RuCl2(dmso-S)2(μ-
pyz)}4] (4) and of the corner complex [trans,cis,cis-RuCl2(dmso-S)2(pyz)2] (6) were minimized 
employing  the  Generalized  Gradient  Approximation  (GGA)  BP  exchange-correlation 
functional.41,42
Materials. All  the  reagents  and  solvents  were  used  without  further  purification.  The 
precursors  [trans-RuCl2(dmso-S)4]  (1),  and  trans,cis,cis-[RuCl2(dmso-O)2(CO)2]  (2)  were 
prepared following published procedures.43,44 
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Trinuclear metallacycles: metallatriangles and much more
Foreword
As  reported  in  the  previous  Chapter,  very  recently  we  isolated  and  structurally 
characterized a rare example of neutral molecular triangle with octahedral Ru(II) corners and 
pyrazine edges.1 Intrigued by such unexpected result,  we decided to perform a thorough 
search of the pertinent literature. The results of this investigation will be reported in a review 
paper  (manuscript  in  preparation).  This  Chapter,  for  the  sake  of  brevity,  wants  to  be  a 
comprehensive,  and  yet  critical,  collection  of  a  selected  portion  of  all  the  trinuclear 
metallacycles reported to date: only examples of molecular triangles similar to that described 
in the previous Chapter, i.e. with cis-protected metal fragments as corners and linear linkers 
as sides, are treated.
Introduction 
In  1990  Fujita  and  co-workers  described  the first  example  of  a  rationally  designed 
metallacycle, the molecular square [{Pd(en)(μ-4,4'-bipy)}4](NO3)8, prepared by self-assembly 
of the  cis-protected square-planar metal precursor with two adjacent labile ligands [Pd(en)
(NO3)2]  (en  = ethylenediammine),  with  the  linear  linker  4,4'-bipyridine  (4,4'-bipy).2 Since 
then, supramolecular chemistry has produced an amazing number of fascinating 2D and 3D 
metal-mediated  molecular  architectures,  including  many  macrocycles  and  cages.  Several 
review articles have thoroughly covered this  thriving field in recent years.3-10 Beside their 
shared structural beauty, some of these assemblies are finding applications as receptors and 
molecular vessels for trapping reactive intermediates,11 and for stoichiometric12 and catalytic 
reactions.13
The smallest  and  simplest  of  the  metal-mediated molecular  polygons,  the  trinuclear 
metallacycles, are typically defined in the papers as  rare or  seldom found, but a search of the 
literature demonstrates that they are indeed not particularly rare. Instead, it is perhaps fair to 
say that very often their isolation is totally unexpected, or serendipitous at best, typically from 
reactions aimed at the preparation of larger metallacycles. In other words, the formation of 
trinuclear metallacycles is frequently in contrast with the paradigms of the directional-bonding  
approach by Mirkin and Holliday (originally defined the molecular library model by Stang and co-
workers5), that rationalizes the metal-mediated construction of supramolecular architectures.7 
Thus, in their apparent simplicity, trinuclear metallacycles, pose a number of questions, both 
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practical  and  theoretical,  to  the  chemists  involved  in  metal-mediated  supramolecular 
chemistry.
Definitions
Even though, as mentioned above, only selected examples of trinuclear metallacycles 
will be dealt with in this Chapter, we start by giving some general definitions that will be 
useful for the classification and discussion of the following examples.
We define as trinuclear metallacycle any metallacycle that contains three metal centers, 
or M-M bonded dimetal entities, with structural functions and three linkers (i.e. di- or polytopic 
bridging ligands). The metallacycle may comprise additional metal atoms without structural 
functions, i.e. not involved in its construction, such as those inside metal-containing ligands. 
The three structural metal atoms are most often ca. equidistant and define the vertexes of a 
ca. equilateral  triangle:  nevertheless,  not  all  the trinuclear  metallacycles  can be defined as 
molecular triangles (metallatriangles). According to the directional-bonding approach,7 the design of 
a molecular triangular entity requires that six rigid ditopic components, three angular and 
three  approximately  linear,  are  assembled  in  a  cyclic  manner.  Strictly  speaking,  an  ideal 
equilateral  molecular  triangle  should  be  assembled  by  three  equal  linear  linking  units  in 
combination with three equal 60° angular fragments (Scheme 1). 
Scheme 1. Schematic synthess of a molecular triangle according to  the directional-bonding 
approach.8
Since there are no appropriate metal complexes of common coordination numbers with 
60° angles (Scheme 2a), the metal-mediated approach to  geometrically perfect metallatriangles 
should rely on angular components featuring two functional donor moieties at 60° and linear 
metal fragments (Scheme 2b). However, less-than-ideal metallatriangles might derive from 
the combination of distorted angular components with angles wider than 60° (typically  ca. 
90°) and ca. linear linkers with angles narrower than 180° (Scheme 2c). 
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Scheme 2. Schematic synthesis of molecular triangles.
For  the  purpose  of  a  systematic  classification  of  the  literature,  some  general 
considerations about the linkers are appropriate. The two binding sites in the linkers need 
not to be equal, even though they often are and the linkers are symmetrical. When the linkers 
are unsymmetrical,  their relative orientations within the metallacycle become relevant and 
stereoisomers  are  possible.  The  binding  sites  in  the  linkers  can  be  either  mono-  or 
polydentate (which implies chelation unless dinuclear metal fragments are involved).
According to the definition by Caulder and Raymond,5 each linker is characterized by 
two coordinate vectors that connect the binding sites X and Y to the metal centers M1 and M2 
(Figure 1); in case of a chelate the vector connects the center of the chelating fragment to the 
metal. The two coordinate vectors define the essential shape (or geometry) of the linker. The 
following ideal limiting cases can be defined (Figure 1): if the two vectors lye at 180° on the 
same line the linker is  linear, while it has a  sigmoidal-shape if the two vectors lye at 180° on 
parallel lines (Figure 1b). When the coordinate vectors are coplanar (M1-X···Y-M2 torsion 
angle = 0), their prolongations cross each other defining an angle, thus the linker can be 
generically  defined  as  planar  angular.  Finally,  when  the  torsion  angle  between  the  two 
coordinate vectors is ≠ 0, the linker will be generically defined as angular. 
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Figure 1. Schematic representations of a generic linker with its coordinate vectors (top) and 
of some ideal cases of well-defined geometries with typical examples: a) linear, b) sigmoidal, 
c) planar angular.
In principle, the directional-bonding approach should involve exclusively rigid linkers, 
that are supposed to undergo only minor deformations upon metal-coordination within the 
metallacycle.  Thus  the orientations  of  their  two coordinate  vectors can be guessed quite 
precisely  from a  drawing  or  from a  model  structure.  However,  in  some  cases  even  an 
educated guess may be difficult, for a number of reasons: i) the linker might have more than 
two binding  sites  and  thus  its  geometry  (as  defined  above)  depends  on  which  sites  are 
employed in the construction of the metallacycle. ii) In general, a rigid linker is defined as a 
molecule that does not bend significantly, typically for the presence of extended conjugation. 
However, even rigid linkers can have one or more degrees of torsional freedom, i.e. rotations 
about single bonds. A typical example is 2,2'-bipyrazine (2,2'-bpz, Figure 2): depending on 
the mutual orientation of the two six-membered rings and on which N atoms (1,1' or 4,4') 
are involved in the coordination, several different combinations of coordinate vectors (and 
thus geometries) are available. 
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Figure 2. Schematic view of  2,2'-bipyrazine and its  different combinations of coordinate 
vectors.
Finally,  if  the  linker  itself  is  not  rigid,  i.e.  it  has  some  aliphatic  fragments  in  the 
connection between the two binding sites,  then any guess  about  its  geometry within the 
metallacycle will be very tentative at best.
Different limiting sub-classes of trinuclear metallacycles can be identified considering 
the orientations of the coordinate vectors of each linker with respect to the plane defined by 
the three metal centers (M3 plane): i) when the coordinate vectors are coplanar with the three 
metal centers the metallacycle is defined a molecular triangle. If the linkers define aromatic walls 
that are oriented  ca. perpendicular to the plane of the metals, the metallacycle may be also 
called a molecular triangular prism. ii) when both coordinate vectors of planar angular ligands are 
either  above or below the M3 plane,  the metallacycle belongs to the category of  metalla-
calix[3]arenes (two conformers possible); iii) when one vector is above and the other is below 
the plane of the metals, the metallacycle can be defined a cyclic helicate.
According to the rationalization sketched above, a trinuclear metallacycle can be defined 
a molecular triangle only when it meets the appropriate combination of  nuclearity and shape. 
Neither one of these properties alone is sufficient for identifying a molecular triangle.
These apparently trivial definitions nevertheless limit the number of compounds that we 
will consider. In particular some metallacycles, that are frequently cited as typical examples of 
molecular triangles, in our opinion do not rightly belong to this group. One such example is 
the Pd6-metallacycle described by Loeb and co-workers,14 obtained by self-assembly of linear 
organometallic  di-palladium fragments  and  angular  4,7-phenathroline  linkers  (Scheme  3). 
Even though it has indeed a shape that recalls a triangle, it contains six structural Pd atoms 
and six (3+3) linkers. Thus it should be better classified as a molecular hexagon (perhaps 
with a triangular shape) rather than a molecular triangle. 
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Scheme 3. Schematic synthesis of  Pd6-metallacycle described by Loeb and co-workers.14
Similar  considerations  apply  to  elegant  examples  of  Pt6 metallacycles  more  recently 
described  by  the  group  of  Stang.15 They  are  obtained  by  self-assembly  of  di-platinum 
organometallic angular fragments and ca. linear linkers (either N or O donors), such as those 
reported in Scheme 4. 
Scheme 4. Schematic synthesis of  Pt6 metallacycles described by the group of Stang.15
On the other hand, metallacycles that  feature only three structural  metal  atoms and 
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three organic linkers that, because of their shape, are described as examples of molecular 
hexagons (such as that reported by Stang and co-workers and shown in Scheme 5), should be 
better listed among the trinuclear metallacycles.16
Scheme  5.  Schematic  synthesis  of  a  molecular  hexagons  described  by  Stang  and 
co-workers.16
Our definitions  led us  to  identify  several  classes  among the  trinuclear  metallacycles 
described in the literature. As already noted above, only molecular triangles with ca. 90° metal 
corners and approximately linear organic linkers will be treated in this Chapter.
Molecular  triangles  with  ca.  90°  metal  corners  and  approximately  linear  organic 
linkers
The following pages will  report  a comprehensive account of the molecular triangles 
with  ca. 90° metal corners and approximately linear (or sigmoidal) organic linkers found in 
the literature. Often, the metal corners are actually made by M-M bonded dimetallic units. 
Flexible  ligands  will  not  be  treated  here:  in  principle,  with  these  linkers  the  directional 
bonding approach can not be strictly applied and the nature of the metallacycle obtained by 
combination with 90° metal corners is hardly predictable. 
Relatively rigid linear linkers very often generate mixtures of molecular triangles and 
squares, which may or may not be in equilibrium. The equilibria will be treated first, followed 
by those examples in which the two metallacycles are obtained as non-equilibrating mixtures. 
The subsequent  section contains a number of cases in which  either molecular triangles  or 
squares (or other polynuclear species) are obtained selectively depending on relatively small 
43
  
N
N N
PMe3
PtMe3P
N
N N
N
N
N
N
N
N
Pt Pt
Pt
PMe3
PMe3
PMe3Me3P
Me3P
Me3P
6+
Chapter Two
variations in the reaction conditions or in the nature of the reactants. Finally, the examples in 
which molecular triangles are formed exclusively will be treated: short and rigid linear linkers, 
and pyrazine in particular, will be described and commented in more detail. 
It is perhaps fair to say that with the rigid linkers, in all cases, the molecular triangles 
were obtained serendipitously while trying to obtain the corresponding molecular squares (i.e. 
the product expected according to the directional bonding approach).
The characterization of trinuclear metallacycles can be a complex problem, as is often 
the case in supramolecular chemistry for highly symmetrical  assemblies made of identical 
subunits.  As  a  further  complication,  very  often  the  trinuclear  metallacycles  are  obtained 
together with other symmetrical metallacycles of different nuclearity (e.g. molecular squares), 
that  may  or  may  not  be  in  equilibrium.  A  powerful  analytical  tool,  such  as  NMR 
spectroscopy, is typically insufficient in these cases: a single set of proton signals in the 1H 
NMR spectrum,  together  with  chemical  shift  considerations,  indicate  that  a  symmetrical 
metallacyclic species is present in solution, but is insufficient for determining its nuclearity 
and geometry  (e.g.  for  distinguishing between a  molecular  triangle  and a  square).  In  the 
absence of an X-ray crystal structure, the only technique that can unambiguously establish 
the existence of a trinuclear metallacycle (provided that appropriate single crystals can be 
grown and that the solid state reflects the solution system), molecular mass measurements 
become essential.  Mass spectrometry can, in principle, provide accurate exact mass values 
and  separate  signals  for  components  in  mixtures.  Nevertheless,  ionization  of  the 
metallacycles as intact species (i.e. without complete fragmentation) is often a difficult task 
even with soft  ionization techniques,  such as electrospray ionization (ESI)  and coldspray 
ionization (CSI).17  Neutral species are even more difficult to analyze. Also gel-permeation 
chromatography (GPC) has been successfully used to discriminate metal-mediated molecular 
triangles  and  squares  and  related  supramolecular  complexes.  Successful  separation  on  a 
preparative  scale  of  a  mixture  of  a  molecular  square  and a  triangle  was  also  achieved.18 
However GPC, and also vapor phase osmometry (VPO), are  unsuitable for equilibrating 
systems since they give average values of molecular mass.
In the following pages the X-ray structural characterization of the metallacycles, when 
available, will always be mentioned explicitly. The absence of a specific mention to an X-ray 
structure will mean that characterization of the compounds was supported by a number of 
complementary  methods,  most  commonly  multinuclear  NMR  spectroscopy  and  mass 
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spectrometry (but also IR and UV/vis spectroscopy, and cyclic voltammetry), in some cases 
implemented by VPO and/or GPC measurements.
Molecular triangles and squares in equilibrium
In principle, according to the directional bonding approach, the self-assembly of rigid 
linear linkers and 90° metal  fragments is expected to yield a molecular square.  Typically, 
however,  the  combination  of  linkers  that  are  not  strictly  linear  with  cis-protected  metal 
fragments is likely to give mixtures of molecular squares and triangles, that may or may not 
be in equilibrium (Scheme 6a). Similarly, the combination of ca. 90° metal corners with bent 
linkers (e.g. having a ca. 120° between the two coordinate vectors) is likely to produce a 
mixture of the trinuclear and dinuclear metallacycles, also called rhomboids (Scheme 6b).16
Scheme 6.  a)  90° metal fragments + not perfectly linear linker; b) 90° metal fragments + 
bent linkers.
It is generally accepted that, when a reaction produces a dynamic equilibrium mixture of 
molecular triangles and squares, the molecular square is enthalpically favoured (less distortion 
of the components from ideality, less strain in the cycle, coordination angles close to the ideal 
90°), while the molecular triangle is entropically preferred (combination of less fragments). 
Thus, if the two metallacycles are in equilibrium, according to Le Châtelier’s principle the 
relative  amount  of  molecular  triangle  is  expected  to  increase  upon  reducing  the  total 
concentration  and  upon  raising  the  temperature  (Scheme  7).  The  effect  of  temperature 
contains both enthalpic and entropic contributions. The transformation □→Δ is expected to 
be endothermal,  and thus  favored at  higher  temperatures.  In  addition,  formation  of  the 
molecular triangle from the components will have a less negative ΔS compared to that of the 
molecular  square,  and  thus  in  the  expression  of  Gibbs  free  energy  of  formation,  upon 
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increasing T the negative term TΔS becomes more relevant for the tetramer than for the 
trimer.  In  other  words  when,  in  a  self-assembly  process,  an  enthalpically  favored 
supramolecule (e.g.  a  □) is in equilibrium with an entropically  favored species (e.g.  a  Δ), 
raising  the  reaction  temperature  can  make  the  entropy  effects  more  relevant  than  the 
enthalpy effects. 
Scheme 7. Effects of temperature (T) and concentration (conc.) on the □/Δ equilibrium.
In  general,  it  is  also  accepted  that  the  molecular  triangle  should  become  more 
favourable upon decreasing the rigidity (i.e. upon increasing the length) of the edges. Longer 
linkers, even though rigid in principle, may allow coordination angles very close to 90° and 
distribute  the  strain  of  the  trinuclear  metallacycle  in  several  small  deformations  in  their 
backbone.
Another factor that is considered very important in affecting the equilibrium between 
metallacycles  of  different  nuclearities,  even though of  difficult  assessment,  is  the solvent 
entropy. The larger metallacycles can trap a higher number of solvent molecules inside their 
cavity.
As already anticipated, very often the self-assembly of ca. 90° metal fragments with ca. 
linear  and  relatively  rigid  linkers  afford  equilibrium  mixtures  of  molecular  squares  and 
triangles. The first report came from the group of Fujita in 1996. They found that, while the 
self-assembly of [Pd(en)(ONO2)2] with 4,4'-bipy yields the molecular square [{Pd(en)(μ-4,4'-
bipy)}4](NO3)8 exclusively,1 longer and more flexible py-X-py ligands (py = 4-pyridyl, X = 
CH=CH,  C≡C,  p-C6H4)  afford  equilibrium  mixtures  of  molecular  squares  and  triangles 
(Scheme  8).19 These latters  are  favored  at  lower  concentrations,  as  expected  from  Le 
Chatelier's principle. 
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Scheme 8. Schematic synthesis of [Pd(en)(ONO2)2] with  py-X-py ligands and relative □/Δ 
equilibrium.
In the same work, it was found that even the shorter and stiffer 4,4'-bipy afforded a 
mixture of a molecular square and triangle when the ethylenediamine protective group was 
replaced by the larger 2,2'-bipy (Scheme 9). 
Scheme 9. □/Δ equilibrium when the ethylenediamine protective group was replaced by the 
larger 2,2'-bipy.
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In 1998 Hong and co-workers described a similar triangle/square equilibrium from the 
combination of [Pd(en)(ONO2)2] with the sigmoidal linker 1,2-bis(4-pyridyl)ethylene. Beside 
being  concentration  dependent,  the  equilibrium  was  also  influenced  by  hydrophobic 
interactions with guests in aqueous solution. Thus the molecular triangle prevailed either at 
low concentration or in the presence of guests, such as  p-dimethoxybenzene, that have a 
better complementary to the triangular than to the square cavity.20
Equilibrating  molecular  triangles  and  squares  were  also  obtained  by  Würthner  and  co-
workers by self-assembly of  cis-protected square-planar  precursors 
[M(dppp)(O3SCF3)2]  (M=  Pd,  Pt;  dppp  = 
diphenylphosphinopropane)  with  phenoxy-substituted 
diazadibenzoperylene linear linkers (Figure 3).21 The equilibria were 
investigated exclusively in solution state by a number of techniques 
(multinuclear NMR spectroscopy, mass spectrometry, VPO) and the 
characterization of the two metallacycles, even though plausible, was 
not totally unambiguous. 
A  remarkable  contribution  to  the  understanding  of  these 
systems  was  reported  in  2002  by  Stang  and  co-workers,  when  they  investigated  the 
equilibrium mixture of triangular and square supramolecular species obtained by reaction of 
[cis-Pt(PMe3)2(O3SCF3)2]  with  1,2-bis(4-pyridyl)ethylene  (BPE).22 Beside  characterizing  the 
products in solution by multinuclear NMR spectroscopy, for the first time they succeeded in 
the selective crystallization and structural  characterization of both cationic species  by the 
appropriate choice of the counterions present in the system. Thus, the molecular square was 
crystallized as triflate salt,  [{cis-Pt(PMe3)2(μ-BPE)}4](O3SCF3)8,  while the molecular triangle 
was  crystallized  as  a  mixed  triflate/cobalticarborane  (CoB18C4H22)  salt,  [{cis-Pt(PMe3)2(μ-
BPE)}3](O3SCF3)4(CoB18C4H22)2.  Interestingly,  the  prevalent  species  in  the  solid  state  not 
always  correspond  to  that  that  prevails  in  solution.  The  N−Pt−N  bond  angles  of  the 
molecular triangle (range 82-83°) are only slightly smaller than those of the square (range 
84-87°).  Most  likely  any  strain  in  the  smaller  metallacycle  is  delocalized  throughout  the 
relatively flexible linkers, that are considerably more bowed in the triangle than in the square. 
Very  recently,  also  Mizuno  and  co-workers  crystallized  separately  (from  different 
solvents) both components of the equilibrium mixture of the molecular triangle [{Pd(tmen)
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(μ-4,4'-bipy)}3](NO3)6 and  square  [{Pd(tmen)(μ-4,4'-bipy)}4](NO3)8 (tmen  =  N,N,N',N'-
tetramethylenediamine).23 The X-ray structural  determination of both compounds showed 
that  in  the  molecular  triangle  (Pd···Pd  distance  ca.  11.0  Å)  the  Npy−Pd−Npy angles 
(82.4(4)-86.0(4)°) are only slightly narrower than in the square (86.8(2)-87.3(2)°). Probably 
the strain of the smaller metallacycle is reflected in the torsion angles between the pyridyl 
rings,  that  are  considerably  wider  in  the  square  (21.89-32.02°)  than  in  the  triangle 
(16.36-20.89°).
Also the group of Cotton investigated the dynamic equilibrium in chloroform between 
a  neutral  molecular  triangle  and  a  square  made  by  dinuclear  molibdenum  corners  and 
perfluoroterephtalate  linkers,  [{cis-Mo2(DAniF)2(μ,η4-O2CC6F4CO2)}3]  and  [{cis-
Mo2(DAniF)2(μ,η4-O2CC6F4CO2)}4],  respectively, and accomplished a full spectroscopic (in 
solution)  and  crystallographic  characterization  of  both  species.24 Crystals  of  the  two 
compounds were obtained together (the triangle as a minor species). The molecular structure 
of  the  triangle  recalls  that  of  the  similar  trinuclear  compound  with  1,4-
cyclohexanedicarboxylate  linkers.  The  molecular  structures  showed  that  the 
perfluoroterephtalate linkers are bowed in the molecular triangle, whereas they are relatively 
linear in the square, suggesting that the triangle is strained. Also the angles between the two 
cisoid carboxylate paddles at each dimolibdenum corner are slightly smaller in the triangle 
(83.7(2)-85.1(2)°) than in the square (86.4(3)-87.7(3)°). Interestingly, in the crystals the neutral 
triangles with perfluoroterephtalate edges pack on top of each other in a parallel fashion, 
while those with the 1,4-cyclohexanedicarboxylate edges pack in an anti-prismatic fashion. In 
solution, at 23.7 °C, the conversion of three moles of molecular square to four moles of 
molecular  triangle  was  found  to  be  enthalpically  disfavored  (∆H°  =  23.5  kJ  mol-1)  but 
entropically favored (ΔS° = 8.2 J K-1 mol-1). These values indicate that the strain energy in the 
triangle is very small (ca. 1.8 kJ per edge) compared to the square.
The group of Ferrer investigated the self-assembly of a number of cis-protected square-
planar  [M(P-P)(O3SCF3)2]  complexes  (M  =  Pt,  Pd;  P-P  =  dppp  (1,3-
bis(diphenylphosphino)propane),  dppf  (1,1'-bis(diphenylphosphino)ferrocene,  depe  (1,2-
bis(diethylphosphino)ethane,  dppbz  (1,2-bis(diphenylphosphino)benzene)  with  the 
diazaligands  1,4-bis(4-pyridyl)butadiyne  (L1)  and  1,4-bis(4-pyridyl)tetrafluorobenzene  (L2) 
(Figure 4).25
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Equilibria  between  the  molecular  squares  and  triangles 
were found in  all  cases and investigated in  solution by 
multinuclear  NMR  spectroscopy  in  combination  with 
mass spectrometry. The square/triangle ratio was seen to 
depend  on  the  nature  of  the  metal  corners,  the 
concentration,  and  the  solvent.  The  same  group  very 
recently investigated the self-assembly reactions between 
L2 and  Pt(II)  and  Pd(II)  complexes  with  cis-protecting 
nitrogen  chelating  ligands:  [M(N-N)(O3SCF3)2]  (N-N = 
en (ethylenediamine); 4,4'-R2bipy (bipy = 2,2'-bipyridine, R = H, Me,  tBu)).26 As previously 
observed by Fujita, the nature of the ancillary ligand on the metal corners was found to play a 
decisive  role  in  determining  the  outcome  of  the  reaction.  According  to  combined 
multinuclear  NMR  spectroscopy  and  mass  spectrometry  measurements,  while  dynamic 
equilibria between molecular triangles and squares were observed when the ancillary ligand is 
4,4'-R2bipy, molecular squares formed as unique products when the less sterically demanding 
and more flexible ethylenediamine was used as end-capping ligand in the metal corners. 
Molecular triangles and squares obtained as non-equilibrating mixtures
In 1990 Diederich and co-workers reported that oxidative cyclization of [Co2(CO)4(μ-
dppm)(C–C≡CH)2] (dppm = diphenylphosphinomethane) yielded a non-equilibrium mixture 
of a cyclic trimer and tetramer, [{Co2(CO)4(dppm)(C−C≡C−C≡C−C)}]n (n = 3, 4), in which 
the dicolbalt Co2(CO)4(μ-dppm) units are linked by diacetylide groups. The two metallacycles 
were  separated  by  TLC,  and  the  molecular  triangle  (major  species)  was  structurally 
characterized  in  the  solid  state.  The  ring  is  nearly  planar  and  the  diyne  units  show 
considerable deviations from linearity as a result of C≡C−C bending.27
In the late nineties Jones and co-workers reported that reaction of [M(NO)(Tp)I2] (M = 
Mo, W; Tp- = hydrotris(3,5-dimethylpyrazol-1-yl)borate) with 1,4-dihydroxybenzene leads to 
mixtures of molecular triangles [{M(NO)(Tp)(μ-1,4-O2C6H4)}3]  and squares [{M(NO)(Tp)
(μ-1,4-O2C6H4)}4].28 Two isomers of the cyclic trimer are possible, depending on the relative 
orientations of the NO groups relative to the M3 plane:  syn,syn,syn and syn,syn,anti. Similarly, 
four  isomers  are  possible  for  the  molecular  square.  Repeated  column  chromatography 
afforded pure single isomers of syn,syn,anti-[{M(NO)(Tp)(μ-1,4-O2C6H4)}3] (M = Mo, W) and 
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of syn,syn,syn-[{Mo(NO)(Tp)(μ-1,4-O2C6H4)}3]. The X-ray structures of  syn,syn,anti-[{W(NO)
(Tp)(μ-1,4-O2C6H4)}3]  and  syn,syn,syn-[{Mo(NO)(Tp)(μ-1,4-O2C6H4)}3]  were determined. In 
both cases the three metal  atoms,  that  have a slightly  distorted octahedral  geometry,  are 
located at the vertexes of a triangle, almost equilateral for W (W···W distance 8.40(1)-8.48(1) 
Å)  and almost  isosceles  for  Mo (Mo···Mo distance 7.886(3)-8.703(3)  Å)).  Both  triangles 
define an almost  planar  12-membered ring,  containing the three metal  atoms,  the six  O 
atoms and the six adjacent C atoms of the 1,4-dihydroxybenzene edges. The phenyl rings 
make dihedral angles with respect to this plane in the wide range 12.2(6)-58.9(3)°. Similar 
results  were  also  obtained  by  reaction  of  [Mo(NO)(Tp)I2]  with  1,3-dihydroxybenzene 
(resorcinol).  In  this  case  also  a  small  amount  of  a  cyclic  dimer  was  obtained. 
Chromatographic separation of the reaction products afforded a single isomer of the cyclic 
trimer, syn,syn,anti-[{Mo(NO)(Tp)(μ-1,3-O2C6H4)}3].
The same group had previously described the preparation of larger molecular triangles 
and squares featuring the Mo(NO)(Tp) corner fragment and 4,4'-biphenol edges, that were 
obtained in pure form by column chromatography.29
In 2005 Lin and co-workers reported that the chiral organometallic molecular triangle 
[{Pt(4,4'-tBu2bipy)(μ-L3)}3]  and  square  [{Pt(4,4'-tBu2bipy)(μ-L3)}4]  were  obtained  in 
moderate yields (as a mixture) by reaction of [Pt(4,4'-tBu2bipy)Cl2] with the BINOL-derived 
4,4'-bis(alkynyl)  linear  linker  L3H2 (Figure  5,  BINOL = 1,1'-bi-2-naphthol).  Interestingly, 
although both metallacyles were isolated from the reaction mixture, a 4 mM CD2Cl2 solution 
of the molecular triangle cleanly converts to the square with a half-life of 2 days. 
The similar linker L4H2 (Figure 5) afforded the 
molecular square exclusively when reacted with the 
metal  corner  under  the  same  conditions,  i.e.  the 
formation of either metallacycle  is  apparently  very 
sensitive to the dihedral angle of the two naphthyl 
units in the bis(alkynyl) linker.30
In  contrast,  the  same  group  had  previously 
reported  the  exclusive  formation  of  the  chiral 
organometallic triangle [{cis-Pt(PEt3)2(μ-L4)}3] upon 
reaction of L4H2 (and of  the similar ligands with R = Me or bis(t-butyldimethylsilyl)) with 
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[cis-Pt(PEt3)2Cl2].31 
Yu and co-workers reported that treatment of [Pd(bipy)(NO3)2]  with the immiscible 
bipyrazole ligand L5H2 (L5H2 = 1,4-bis-4'-(3',5'-dimethyl)-pyrazolylbenzene) in a 2:1 molar 
ratio in a water/acetone solution afforded a mixture of molecular triangle [{Pd2(bipy)2(μ-
L5)}3](NO3)6 (ca. 20%) and square [{Pd2(bipy)2(μ-L5)}4](NO3)8 (ca. 80%) in quantitative total 
yield (Scheme 10).32
Scheme 10. Schematic view of the reaction of [Pd(bipy)(NO3)2] and L5H2 that leads to the 
formation of  a mixture of molecular triangle (ca. 20%) and square (ca. 80%).
The two products are stable in solution (no interconversion between them could be 
detected by 1H NMR spectroscopy) and were separated by repeated crystallization. The X-ray 
structural analysis (of the PF6 salts) showed that both metallacycles feature (μ-pyrazolato-
N,N') doubly bridged [(bipy)Pd]2 dimetal corners (either 3 or 4) and thus remind the paddle-
wheel dimetal corners in Cotton’s metallacycles. However, the Pd···Pd separation in each 
corner is slightly shorter than the sum of the van der Waals radii of palladium, suggesting 
weak Pd···Pd interactions.
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The average distance between the vertexes was found to be 13.3 Å in the triangle and 
13.5 Å in the square. The dihedral angle between two pyrazolate paddles on a dipalladium 
corner is remarkably narrower in the triangle (71.5-79.4°) than in the square (82.8-92.9°), 
however the coordination geometry of the pyrazolate moieties is not perfectly linear. In the 
crystals  the  neutral  molecular  triangles  have  an  anti-prismatic  stacking  (i.e.  stack  with 
alternating  orientations  differing  by  about  60°).  Interestingly,  while  a  similar  mixture  of 
molecular triangle and square was obtained by reaction of [Pd(bipy)(NO3)2] with the longer 
1,4-bis-4'-(3',5'-dimethyl)-pyrazolylbiphenyl  linker  (L6H2),  the  shorter  3,3',5,5'-
tetramethyl-4,4'-bipyrazolyl linker (L7H2) afforded the molecular square exclusively, and the 
angular  linkers  1,3-bis-4'-(3',5'-dimethyl)-pyrazolylbenzene  (L8H2)  and  1,2-bis-4'-(3',5'-
dimethyl)-pyrazolylbenzene  (L9H2)  yielded  the  smaller  molecular  rhomboids  (with  two 
dimetal corners and two bridging ligands) selectively (Figure 6).
Molecular triangles or molecular squares
As anticipated, it was often found that the combination of ca. 90° metal corners with 
linear  rigid  linkers  leads  selectively  either to  molecular  triangles  or squares  (or  other 
polynuclear species) depending on relatively small variations on the reaction conditions or on 
the nature of the reactants. 
Several examples of this kind were described by the group of Cotton. In 1999 they 
reported  that  treatment  of  the  paddle-wheel,  metal-metal  linked  dinuclear  precursor 
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Figure 6. 1,4-bis-4'-(3',5'-dimethyl)-pyrazolylbiphenyl linker (L6H2), 3,3',5,5'-tetramethyl-4,4'-
bipyrazolyl linker (L7H2), 1,3-bis-4'-(3',5'-dimethyl)-pyrazolylbenzene (L8H2) and 1,2-bis-4'-
(3',5'-dimethyl)-pyrazolylbenzene (L9H2).
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[Rh2(DArF)2(CH3CN)4][BF4]2 (DArF  =  N,N'-diarylformamidinate)  with  an  equimolar 
amount of [Bu4N]2[C2O4] afforded quantitatively the molecular triangle with oxalato edges 
[{Rh2(DArF)2(μ,η4-C2O4)}3].  This  result  was  unexpected  since  the  corresponding 
molibdenum precursor,  under the same reaction conditions,  yielded the molecular square 
[{Mo2(DArF)2(μ,η4-C2O4)}4]. In addition, with the rhodium precursor it was found that by a 
suitable choice of the reaction conditions (i.e. by using a 10 fold excess of the oxalate salt) 
the molecular square  [{Rh2(DArF)2(μ,η4-C2O4)}4]  could also be obtained.33  The molecular 
structure showed that in the triangle the oxalate linkers are bowed and their coordination is 
not linear. As a comment to this unexpected result Cotton wrote: we simply do not know why this  
strained triangular structure, cf. the bowed oxalate bridge, is ever adopted rather than the expected square one. 
The same group later reported that reaction of the dirhenium(II,II) precursor [cis-Re2(μ-
O2CCH3)2Cl2(μ-dppm)2]  (dppm  =  diphenylphosphinomethane),  that  contains  two  labile 
adjacent acetato ligands and two inert bridging dppm ligands that stabilize the quadruply 
bonded  [Re2]4+ fragment,  with  an  excess  of  terephthalic  acid  affords  in  high  yield  the 
molecular  triangle  [{cis-Re2Cl2(μ-dppm)2(μ,η4-O2CC6H4CO2)}3],  whose  X-ray  structure  was 
determined. The corresponding molecular square was not observed.34 In contrast, the use of 
an excess of  trans-1,4-cyclohexanedicarboxylic acid in place of terephthalic acid under the 
same  reaction  conditions  led  to  the  isolation  of  the  dinuclear  compound  [{cis-Re2Cl2(μ-
dppm)2(μ,η4-O2CC6H10CO2)}2(μ,η4-O2CC6H10CO2)], in which on each dirhenium unit there is 
one molecule of trans-1,4-cyclohexanedicarboxylic acid with a free carboxylic acid group.
Another example in which small variations can change the nature of the metallacyclic 
product  derived  from  the  combination  of  the  dimetal  cis-[Mo2(DAniF)2]2+ corner  with 
terephtaloyldiamidate linkers (ArNOC)2C6H4 (Figure 7).35 
Figure 7. DaniF and terephtaloyldiamidate linkers.
In  each  case  only  one  neutral  metallacyclic  product  of  general  formula  cis-
[{Mo2(DAniF)2(μ-(ArNOC)2C6H4)2}n] was selectively obtained, either a molecular triangle (n 
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= 3) or a square (n = 4) depending on small variations in the Ar substituents on the linkers. 
Thus, with N,N-diphenylterephthaloydiamidate the only product is the molecular triangle. In 
contrast,  only  molecular  squares  were  obtained  when  the  ligand  has  a  trifluoromethyl 
substituent onto the phenyl groups. No evidence for equilibration between metallacycles of 
different nuclearity was found.
Sun  and  Lees  described  a  series  of 
neutral  tri-  and  tetranuclear  macrocyclic 
compounds featuring  fac-Re(CO)3X (X = Cl, 
Br)  corners  and  linear  extended  4,4'-
bipyridyne linkers (Figure 8). 
The  compounds  were  characterized  by 
NMR  spectroscopy  and  mass  spectrometry, 
but no X-ray structure was determined. The 
molecular  triangle  [{fac-Re(CO)3Br(μ-
BPDB)}3] was obtained in almost quantitative yield by refluxing ReBr(CO)5 and 1,4-bis(4-
pyridylethynyl)-2,5-dihexyloxybenzene  (BPDB)  (or  its  2,5-didodecyloxybenzene  analogue, 
BPDDB)  in  neat  benzene,  a  non  coordinating  solvent.  In  contrast,  only  unidentified 
oligomers  were  formed  when  refluxing  was  performed  in  a  1:1  toluene/THF  mixture. 
However, refluxing ReCl(CO)5 with 1,4-dipyridylbutadiyne (DPB), a linear linker similar to 
BPDB, in the same toluene/THF mixture afforded the molecular square [{fac-Re(CO)3Cl(μ-
DPB)}3] exclusively, and no formation of the corresponding triangle was observed and only 
mixtures of unidentified species were obtained when the reaction was performed in neat 
toluene or benzene.36 The different behavior observed with structurally similar components 
was attributed by the authors to the different solubility and thermodynamic stability of the 
products.  In the toluene/THF mixture  the molecular  square  with DPB edges is scarcely 
soluble and thus precipitates immediately after formation, precluding equilibration with other 
metallacycles  to  proceed.  Conversely,  the  BPDB  linker  imparts  higher  solubility  to  the 
metallacycles in benzene, thus allowing the equilibration process to proceed in solution until 
the  most  thermodynamically  stable  product  (i.e.  the  molecular  triangle,  for  the  authors) 
forms. 
Recently,  Long  and  co-workers  reported  that  the  reaction  of  the  Ru(II)  precursor 
[Ru(cyclen)Cl(dmso)]Cl  (cyclen  =  1,4,7,10-tetraazacyclododecane)  with  4,4'-bipy  in  an 
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ethanol/water mixture afforded the molecular triangle [{Ru(cyclen)(μ-4,4'-bipy)}3]Cl6.37 The 
molecular triangle is stable in aqueous solution at room temperature, no decomposition or 
isomerization were observed. According to the X-ray structure, three cyclen-capped Ru(II) 
fragments are situated at the corners of an equilateral triangle (Ru··Ru distance 11.264 Å). 
The strain in the small metallacycle is reflected by the Npy−Ru−Npy angle of 83.7(3)°, that is 
narrower than the ideal value of 90°, and by the 4,4'-bipy edges that are bowed outwards. 
The resulting warping forces the pyridine rings in each linker to be almost coplanar, and 
nearly perpendicular to the Ru3 plane.  In the crystals,  the molecular triangles stack in an 
eclipsed fashion, forming one dimensional columns. In contrast, under very similar reaction 
conditions  the  same  Ru  precursor  treated  with  pyrazine  (pyz)  afforded  the  mixed 
Ru(II)/Ru(III)  molecular  square  [{Ru(cyclen)(μ-pyz)}4]9+ while  reaction  of  the  similar 
precursor  [Ru(cyclen)(O3SCF3)3]  with  4,4'-bipy  in  methanol  yielded  the  molecular  square 
[{Ru(cyclen)(μ-4,4'-bipy)}4](O3SCF3)8. The X-ray structure of this almost perfect molecular 
square (even though of low quality) showed several geometrical details significantly different 
with respect to the corresponding triangle (see above) and reflect the absence of strain: i) the 
4,4'-bipy linkers are linear rather than bowed and thus the Ru··Ru distance (11.34 Å) is 
slightly longer than in the triangle, ii) the pyridine rings are not perfectly coplanar (twist angle 
1.0-5.6°), iii) the Npy−Ru−Npy angle of 93.(3)° is wider than in the triangle and closer to the 
ideal octahedral value of 90°. 
Molecular triangles formed exclusively
It is now evident that the directional bonding approach,7 that rationalizes the metal-mediated 
construction of supramolecular assemblies, allows for several exceptions. For example, quite 
often the combination of 90°  cis bis-acceptor metal fragments with linear linkers leads to 
mixtures of molecular squares and triangles, rather than to the expected molecular squares 
only.  However,  the  exclusive formation  of  molecular  triangles  from  this  combination  of 
building blocks,  in particular with short inflexible linkers, is a rare and unexpected event. 
Indeed, there are relatively few examples in which the self-assembly of ca. 90° metal corners 
with linear rigid linkers leads selectively to molecular triangles. Unexpectedly, three of these 
examples concern the shortest and most rigid aromatic N-linker, i.e. pyrazine (see below). 
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In  2001  Puddephatt  and  co-workers  prepared  the 
molecular  triangle  [{Pt(bu2bipy)(μ-L10)}3](O3SCF3)6 by  self-
assembly of the  cis-protected precursor [Pt(bu2bipy)(O3SCF3)2] 
(bu2bipy  =  4,4'-di-tert-butyl-2,2'-bipyridine)  with  the 
unsymmetrical  and  roughly  linear  bis-pyridine  linker  N-(4-
pyridinyl)isonicotinamide (L10, Figure 9).
The  X-ray  structural  investigation  showed  that  the  three  Pt  atoms  form  an 
approximately equilateral triangle with av. Pt···Pt distance of 13.1 Å. The three edges are 
slightly bowed outwards and the pyridyl rings are canted with respect to the Pt3 plane. Two 
isomeric  molecular  triangles  are  possible,  depending  on  the  relative  orientations  of  the 
unsymmetrical linkers (Figure 10). 
In the solid state only the less symmetrical isomer, in which the three Pt corners have 
different  coordination  environments:  Pt(pya)2,  Pt(pyb)2 and  Pt(pya)(pyb),  respectively,  was 
found.  The  amide  groups  along  the  edges  are  designed  to  provide  orientation  through 
secondary  bonding  effects  perpendicular  to  the  triangle.  In  fact,  in  the  crystals  pairs  of 
triangular cations stack on top of each other in antiprismatic fashion, at a distance of 5.1 Å, 
through pairwise inter-triangle NH···OC hydrogen bonds. Interestingly L reacted with the 
Pd  complex  [Pd(bu2bipy)(thf)2](BF4)2 to  give  the  corresponding  Pd  triangle,  while  the 
reaction with [Pd(dppp)(O3SCF3)2] produced only uncharacterized polymeric species.
The group of Cotton described several molecular triangles with dimetallic corners that 
were formed selectively. While, as described above, the reaction of [Rh2(DArF)2(CH3CN)4]
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Figure 10. Schematic view of the two isomeric molecular triangles.
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[BF4]2 (DArF = N,N'-diarylformamidinate) with [Bu4N]2[C2O4] afforded either the molecular 
triangle or the square in quantitative yield by adjusting the reaction conditions, the reaction in 
organic solvents of racemic  cis-[Rh2(C6H4PPh2)2(CH3CN)6](BF4)2, a dirhodium paddle-wheel 
complex that has two cisoid non-labile orthometallated phosphine bridging anions and six 
labile CH3CN ligands in equatorial and axial positions, with the tetraethylammonium salts of 
the rigid  dicarboxylate  linker  oxalate,  terephtalate  or  4,4'-biphenyldicarboxylate,  produced 
crystals of the corresponding neutral triangular compounds exclusively.39 Modification of the 
reaction conditions provided no evidence for the formation of the corresponding molecular 
squares. The reason for this well defined preference was provided by careful analysis of the 
X-ray structures of the three triangles: the cis-Rh2(C6H4PPh2)2 corners have a preferred twist 
of ca. 23°, that is believed to lead to very little strain in the triangular structures compared to 
the  corresponding  square  structures.  Thus  the  entropic  preference  for  the  smaller  ring 
becomes the controlling thermodynamic factor. In the triangle with oxalate edges, the short 
dicarboxilate linkers are both bent and twisted about the central C–C bond, with a dihedral 
angle  of  43.8°.  The  enantiopure  molecular  triangles  were  later  obtained  and  their  X-ray 
structures determined.40
Molecular triangles with pyrazine edges
As mentioned in the Introduction, pyrazine, which is the shortest and most rigid linear 
aromatic linker is, in principle, the less prone to make molecular triangles when reacted with cis 
bis-acceptor metal  corners.  We found instead that the reaction between pyrazine and the 
neutral  90°  angular  precursor  [trans-RuCl2(dmso-S)4]  (1)  yields,  in  a  number of  different 
experimental  conditions,  the neutral  molecular  triangle  [{trans,cis-RuCl2(dmso-S)2(μ-pyz)}3] 
(3) (Scheme 3 in Chapter ). Quite remarkably, similar results were obtained also from the 
reaction  between  1  and  the  pre-formed  complementary  angular  fragment  [trans,cis,cis-
RuCl2(dmso-S)2(pyz)2] (6) (see Scheme 4 in Chapter 1).
There are in the literature already two previous examples of molecular triangles which 
were formed  quantitatively upon reaction of pyrazine with 90° angular metal fragments. In 
each case the metal corner is a 2+ square-planar fragment, either Rh(I) in [{Rh(PPh3)2(μ-
pyz)}3](ClO4)3 (8),41 or Pt(II) in [{Pt(PEt3)2(μ-pyz)}3](CF3SO3)6 (9).42 Another strictly related 
example concerns the zinc molecular  triangle  [{ZnCl2(PPh3)2(μ-bppz)}3]  (10,  bppz = 2,5-
bis(2-pyridyl)pyrazine):43 in  this  metallacycle  the  edges  of  the  triangle  are  occupied  by 
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pyrazine  moieties,  while  each  pyridyl  group  makes  an  additional  axial  bond  with  a  zinc 
corner. All these molecular triangles have been structurally characterized in the solid state by 
X-ray  crystallography.41-43 The solution  NMR spectra  of  8 and  9 are  consistent  with the 
structures found in the solid state, even though other symmetrical metallacycles can not be 
excluded.
Table 1. Selected geometrical parameters for the four metallatriangles with pyrazine edges 3 
and 8-10 
The main geometrical features of the four metallatriangles with pyz edges are reported 
in Table 1. The metal···metal  distances in  8 and  9 are closely comparable (6.94-6.99 Å), 
although slightly shorter than those measured in  3 (7.00-7.18 Å). On the other hand, the 
metal···metal distances are significantly longer in the Zn metallacycle 10, most likely in order 
to allow metal coordination by the axial pyridyl groups of bppz. It is worth noting that in 
8-10 the pyrazine moieties are roughly coplanar and their planes are almost perpendicular to 
the M3 plane (range of dihedral angles 84-89°). On the contrary, in the ruthenium molecular 
triangle 3 such dihedral angles are much smaller (66-73°), probably because of the octahedral 
coordination of the Ru corners rather than of packing effects. 
In all cases the N−M−N angles are smaller than the ideal value of 90°, but not to such 
an extent to account, alone, for the formation of a triangle rather than a square. The pyrazine 
linkers  are,  as  expected,  almost  perfectly  flat.  The  largest  distortions  from  the  ideal 
coordination geometry concern, in all cases, the coordination bonds of pyrazine, which are 
not linear, as evidenced by the centroid(pyrazine)−N−M angles which are always considerably 
smaller that the ideal value of 180°. 
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Metal (compound) Ru(II) (3) Rh(I) (8) Pt(II) (9) Zn(II)a (10) 
M···M  (Å) 7.009, 7.047, 
7.184 
6.955, 6.993, 
6.994 
6.937, 6.944, 
6.949 
7.391 
M···opposite pyz 
centroid (Å) 
6.336, 6.674, 
6.757, 
6.356, 6.517, 
6.467 
6.408, 6.409, 
6.487 
6.872 
N− M− N (°) 80.7, 82.2, 86.0 80.5, 81.4, 81.8 82.0, 82.1, 83.2 81.6 
X− M− Xb 93.5, 93.7, 94.2 95.5, 97.4, 97.6 93.8, 94.2, 95.3 100.9 
N− pyz centroid− N 
(°) 
175.97-178.13 177.88-179.91 178.14-178.55 177.32 
M− N− pyz centroid 
(°) 
165.28-171.90 165.56-172.77 167.08-171.62 167.97 
pyz mean plane/M3 
(°) 
66.0, 68.3, 73.2  84.5, 84.8, 88.1 86.0, 86.8, 88.4 89.2 
Ref. 1 41 42 43 
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Nevertheless, in other similar cases, even with the same metal ions, molecular squares 
with pyz edges are formed exclusively. If we exclude the case of Ti(II),44 in which the geometry 
of the metal center can be considered as tetrahedral, in all other examples involving late 
transition metals we note that molecular squares are formed, both with square planar and 
octahedral metal corners, when the ancillary ligands on the metal coordination plane have a 
low  steric  demand:  ethylenediammine  in  [{Pt(en)(μ-pyz)}4](NO3),45 ammonia  in 
[{Pt(NH3)2(μ-pyz)}4](NO3),46 CO  in  [{fac-ReCl(CO)3(μ-pyz)}4]47  and  [{fac-ReBr(CO)3(μ-
pyz)}4],48 cyclen  in  [{(cyclen)Ru(μ-pyz)}4]49 (cyclen  = 1,4,7,10-tetraazacyclododecane).  We 
note  that  the  hard  or  soft  nature  of  the  ancillary  ligands  seems  to  be  less  relevant  in 
influencing the nature of the resulting pyz metallacycle.
Ferrer and co-workers similarly observed that, for linear linkers longer than pyz, the 
nature of the ancillary ligand on the metal corners plays a decisive role in influencing the 
nuclearity  of  the preferred metallacycle:26 square  planar Pd(en)2+ or Pt(en)2+ corners yield 
preferentially molecular squares, sometimes in equilibrium with the corresponding triangles, 
while  Pd(bipy)2+ or  Pt(bipy)2+ corners  afford  the  molecular  triangles  or  square/triangle 
mixtures. 
Based on all these results, we believe that the preferential formation of the molecular 
triangle with pyrazine edges instead of the corresponding square is determined by at least two 
concomitant factors:  i) the presence of relatively bulky ancillary ligands in the coordination 
plane induces a spontaneous contraction of the coordination angle at the metal corner, i.e. 
the metal fragment is already spontaneously predisposed to be the corner of a triangle rather 
than of a square. The average Npyz−M−Npyz angle is still much wider than 60° required for an 
equilateral triangle, but nevertheless it is narrower than the ideal value of 90° for a square. 
Only a minor energetic contribution is associated to this geometrical parameter in going from 
the  corner  complex  to  the  molecular  triangle.  On  the  contrary,  a  widening  of  the 
Npyz−M−Npyz angle for the formation of the molecular square would require a large energy 
token, as evidenced by our calculations for the Npyz−Ru−Npyz angle. Interestingly, the X-ray 
structure  of  [Pt(NH3)2(pyz)2](NO3)2 the  corner  complex  corresponding  to  the  molecular 
square [{Pt(NH3)2(μ-pyz)}4](NO3)8,46 shows that the Npyz−Pt−Npyz angle is very close to 90° 
(as in the metallacycle), i.e. in this case the corner complex is geometrically predisposed to 
give  a  square  rather  than  a  triangle  and  the  formation  of  the  triangle  would  require  a 
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remarkable narrowing of the Npyz−Pt−Npyz angle.  ii) Our calculations (see Chapter 1) show 
that  the pyz−Ru coordination bond tolerates  a  remarkable  degree of  tilting with modest 
increase  of  strain.50 The sum of  these  two relatively  small  distortions makes the triangle 
geometrically possible with moderate enthalpic loss. 
In  conclusion,  the structural  and theoretical  findings on  3 and  6,  together  with the 
previous examples of molecular triangles and squares with  cis-protected metal corners and 
linear pyz edges, suggest that the entropically favored molecular triangles might be preferred 
over the expected molecular  squares when pyz binds to metal  corner fragments,  such as 
trans,cis-RuCl2(dmso-S)2, that spontaneously favor Npyz–M–Npyz angles narrower than 90° due 
to the presence of ancillary ligands with significant steric demand on the coordination plane. 
The  rather  flexible  coordination  geometry  of  pyrazine  can  accommodate  the  moderate 
distortions  from linearity  required to  close  the small  metallacycle  with modest  additional 
strain.  On  the  other  hand,  such  corner  fragments  might  prevent  formation  of  the 
corresponding molecular squares owing to the energy token required for widening the rigid 
Npyz–M–Npyz angle to almost 90º.
As  previously  noted  by  Cotton,51 when  the  self-assembly  process  is  under 
thermodynamic  control,  if  the  enthalpic  token  paid  to  the  distortions  that  occur  in  the 
formation  of  the  molecular  triangle  (i.e.  the  loss  of  the  directional  preferences  of  the 
components) is lower than the entropic gain, the smaller metallacycle will prevail.
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Assembly of multiporphyrin cycles
Introduction
As  we  mentioned  in  the  Introduction,  there  has  been  substantial  interest  in  the 
construction  of  synthetic  models  for  the  photosynthetic  reaction  center  of  plants  and 
bacteria. One synthetic approach involves the metal-mediated assembly of chromophores.
In previous  years  we  have  focused  our  attention  on  the  synthesis  of  Ru(II)  and  Re(I) 
complexes bearing two labile ligands in cis position, such as [t,c,c-RuCl2(CO)2(dmso-O)2]1,2 and 
[Re(CO)5Br].3  These complexes can be used, in combination with organic linkers such as 
pyridylporphyrins,  as  building  blocks  for  the  self-assembly  of  a  large  variety  of 
supramolecular systems.4
Treatment of  either precursor with a twofold excess of 4'MPyP (chloroform, reflux) led to 
the formation of the corresponding di-substituted complex [t,c,c-RuCl2(CO)2(4'MPyP)2] (1) 
and [fac-Re(CO)3Br(4'MPyP)2] (2) (Schemes 1 and 2).
Scheme 1.  2:1  reaction  of  4'MPyP  with  the  Ru(II)  precursor  complex  leading  to  [t,c,c-
RuCl2(CO)2(4'MPyP)2] (1).
Scheme  2.  2:1  reaction  of  4'MPyP  with  the  Re(I)  precursor  leading  to  [fac-
Re(CO)3Br(4'MPyP)2] (2).
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These products were purified by column chromatography and characterized by NMR 
spectroscopy. In the case of rhenium, the molecular structure of the chloride derivative [fac-
Re(CO)3Cl(4'MPyP)2] was determined by X-ray diffraction (Figure 1).
Figure  1.  Molecular  model  (left)  and  X-ray  molecular  structure  (right)  of  [t,c,c-
RuCl2(CO)2(4'MPyP)2]  (1)  and  [fac-Re(CO)3Cl(4'MPyP)2],  respectively.  Coordination  bond 
distances (Å): Re–N(11) 2.288(7), Re–N(12) 2.288(6), Re–C(1) 1.986(9), Re–C(2) 1.964(10), 
Re–C(3) 2.061(11), Re–Cl(1)2.559(2). 
In the 1H-NMR spectra of both products 1 e 2 (Figures 2 and 3) we identified a pattern 
that is quite characteristic of two mutually  cis pyridylporphyrins in free rotation about the 
metal-pyridyl axis.1 There are two sets of multiplets (1:2 ratio) for the phenyl protons (i.e oH 
and m+pH) of the two equivalent cis porphyrins. The signals of the major set, shifted upfield 
by about 0.1 ppm compared to those of the minor set, were assigned to the two phenyl rings 
cis to the pyridyl ring (positions 10 and 20). Such an upfield shift is caused by the rotation of 
the porphyrin about the metal–pyridyl axis, which brings the phenyl rings at the 10 and 20 
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Figure 2. 1H-NMR spectrum of 1 in CDCl3. Figure 3. 1H-NMR spectrum of 2 in CDCl3.
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positions into the shielding cone of the adjacent porphyrin ring. The relatively small upfield 
shift suggests that the two porphyrins rotate freely and that the average time spent in the 
orientations inducing mutual shielding is rather short.1
Assembly of a multiporphyrin metallacycles
Treatment  of  both  [t,c,c-RuCl2(CO)2(4'MPyP)2]  and  [fac-Re(CO)3Br(4'MPyP)2]   with  a 
four- fold excess of zinc acetate in chloroform\methanol mixtures led to the isolation of the 
corresponding  zinc  adducts   [t,c,c–RuCl2(CO)2(Zn∙4'MPyP)2]  (1Zn)  and   [fac-
Re(CO)3Br(Zn∙4'MPyP)2 ] (2Zn).
The 1H NMR spectra of both 1Zn and 2Zn (figure 4 and 5) are very similar to those of 
1 and 2 except for a slight downfield shift of the pyrrole and the pyridyl proton resonances 
and, of course, for the absence of the NH signals. 
In general, the insertion of metal ions into the porphyrin core, in addition to changing 
the redox and photophysical parameters of the macrocycle, introduces a new acceptor center 
for further reactions. The number of coordination axial sites (one, two or theoretically even 
more) that can be exploited, their lability as well as the affinity toward different donor atoms 
can be fine-tuned by changing the nature and the oxidation state of the metal center inserted 
into the porphyrin core.6 In particular, zinc-porphyrins prefer nitrogen donor ligands, adopt 
five-coordinate  square  pyramidal  geometry  and  are  kinetically  relatively  labile.  As  a 
consequence, according to models and X-ray structural determinations, 1Zn and 2Zn are bis-
porphyrin corner fragments  with two acceptor axial binding sites at a distance of 10.0 - 14.0 
Å  (depending on the relative orientation of the porphyrins), that can be exploited for the 
construction of more elaborate supramolecular adducts.
In other words, these complexes can be considered as “molecular tweezers” capable of 
69
Figure 4. 1H-NMR spectrum of 1Zn in 
CDCl3.
 Figure 5. 1H-NMR spectrum of 2Zn in 
CDCl3.
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binding  appropriate  N-linkers  in  the  cleft  between  the  two  porphyrins,  through  the 
formation of two axial N−Zn bonds, and form cyclic multiporphyrin assemblies. 
Among  the  vast  library  of  possible  N-donor  linkers  present  in  the  literature,  we 
focussed our attention on the bidentate linker  4'-cisDPyP that bears two pyridyl rings in  cis 
geometry and on the tetra-dentate linker 4'TPyP that bears four pyridyl rings at 90° angles. 
According  to  models,  these  linkers  have  a  perfect  shape  and  size  match  with  the  bis-
porphyrin  tweezers  (when  the  two  zinc-porphyrins  are  oriented  orthogonally  to  the 
equatorial coordination plane of the corner complex).3
The  presence  of  two  or  four  Zn–N (pyridyl)  bond  is  expected  to  guarantee  good 
stability to the assemblies.
1H NMR spectroscopy established that the titration of 4'-cisDPyP into CDCl3 solutions 
of either [t,c,c–RuCl2(CO)2(Zn∙4'MPyP)2] or [fac–Re(CO)3Br(Zn∙4'MPyP)2] leads readily to the 
quantitative  formation  of  the  1:1  tris-porphyrin  cyclic  assemblies  [t,c,c–
RuCl2(CO)2(Zn∙4'MPyP)2(μ-4'-cisDPyP)] (3) and [fac–Re(CO)3Br(Zn∙4'MPyP)2(μ-4'-cisDPyP)] 
(4), respectively (Figure 6).  
Figure 6. Molecular models of 3 (left) and 4 (right).
 The NMR titrations of 1Zn and 2Zn with 4'-cisDPyP are reported in Figures 7 and 8, 
respectively. In  both  cases,  addition  of  less  than  stoichiometric  amounts  of  4'-cisDPyP 
induces the appearance of sharp signals typical for coordinated 4'-cisDPyP in a symmetrical 
environment, such as expected for the 1:1 complexes 3 and 4. The new resonances gradually 
replace those of  1Zn or  2Zn as the titration proceeds,  until  the 1:1 ratio is reached (see 
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below). No intermediates are detected (all-or-nothing process).  
The  main  features  of  the  NMR spectra  of  both  [t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2(μ-4'-
cisDPyP)] and [fac-Re(CO)3Br(Zn∙4'MPyP)2(μ-4'-cisDPyP)], that unambiguously establish the 
nature and geometry of the adducts can be summarized as follows:
• Side-to-face coordination of 4'-cisDPyP is unequivocally indicated by the large 
upfield shift of the resonances of o-Py and m-Py protons (Δδ = -6.80 and -2.15 ppm 
rispectively),  due  to  the  combined  ring  shielding  of  each  porphyrin  unit  of  the 
metallo-bisporphyrin tweezer.
• The presence  and relative  integration  of  NH signals  in  the  upfield  region 
indicate that there is one molecule of guest (i.e. 4'-cisDPyP) for each molecule of 
metallo-bisporphyrin tweezer.
• The 4'-cisDPyP guest in each adduct gives rise just to one set of signals only, 
corresponding to half molecule, implying that it is symmetrically coordinated.
• In further agreement with this symmetry, in both adducts the two Zn∙4'MPyP 
units on the tweezer are equivalent to each other and give only one set of signals. 
The original resonaces of 1Zn and 2Zn are only slightly affected by the presence of 
coordinated 4'-cisDPyP.
• When the 1:1 stoichiometric ratio is reached, the o-Py and m-Py resonances of 
the 4'-cisDPyP pyridyl rings bound to zinc broaden in both the experiments, but they 
sharpen again upon lowering the temperature below 0 °C. This might indicate that 
4'-cisDPyP  in  the  1:1  adduct  undergoes  a  relatively  fast  dissociation  process. 
Broadening of the resonances becomes more evident upon addition of excess of 4'-
cisDPyP.
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Figure  7. 1H-NMR titration  with 
1Zn and  4'-cisDPyP.
4. 1Zn.
3. Excess of 1Zn.
2. 3 at ambient temperature.
1. Excess of 4'-cisDPyP.
Figure  8. 1H-NMR titration  with 
2Zn  and 4'-cisDPyP.
4. 2Zn.
3. Excess of 2Zn.
2. 4 at ambiebient temperature.
1. Excess of 4'-cisDPyP.
Pyridine as model for the UV-vis titration
Once established that, at NMR concentrations, the 1:1 Ru(II) and Re(I) tris-porphyrin 
macrocycles form quantitatively, we wanted to measure their association constants.12
The  typical approach to this problem is to measure the association constants of the 
simple pyridine-zinc adducts and use them as a references for the macrocyclic systems.
For  this  reason  we  first  followed  by  UV-vis  spectroscopy  the  reaction  of  [t,c,c-
RuCl2(CO)2(Zn∙4'MPyP)2] toward the model ligand pyridine (Scheme 3).
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Scheme 3. Species and equilibria involved in the reaction of [t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2] 
with pyridine.
The UV-vis titrations were carried out in acid-free chloroform using a concentration of 
[t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2] of 7.23×10-6  M and following the shift of the zinc-porphyrin 
main Q-band upon binding of pyridine.   To avoid the dilution of the host solution, the 
solutions of titrating guest (pyridine in this case) were prepared using the solution of the host 
as the solvent. A new UV-vis spectrum was obtained after each addition of guest. To cover a 
wide range of pyridine concentration (from 1.24×10-7  M to 2.20×10-3  M) it was necessary to 
prepare several solutions with different concentrations. The data obtained from the UV-vis 
spectrophotometric titrations were analyzed by fitting the whole series of spectra at 0.5 nm 
intervals with the software SPECFIT 3.0 (Figure 9).8
The equilibrium constants of the equilibria shown in Scheme 3 are defined as follow:
K11= [Py∙1Zn]/[Py][1Zn]
K21=[Py2∙1Zn]/[Py]2[1Zn]
K11-21= [Py2∙1Zn] /[Py][Py∙1Zn] 
The binding of pyridine induces a shift of the main Q-band from 554 to 568 nm as 
shown in Figure 9.
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Figure 9. UV-vis titration of the complex 
1Zn with pyridine.
001 = 1Zn; 110 = Py∙1Zn; 120 = Py2∙1Zn.
a)  Uv-vis  spectra  of  the  three  coloured 
species  1Zn, Py∙1Zn and Py2∙1Zn.
b) Original UV-vis spectra of the titration.
c) Speciation.
At this concentration, first the formation of [Py∙1Zn] and then that of [Py2∙1Zn] can be 
monitored. The estimated association constant for the formation of the bis-pyridine adduct 
is K21=  K11×K11-21 = 4.2±0.04 ×107 M-2 . The estimated microscopic association constant (Km) for 
the interaction of one pyridine with a zinc porphyrin is Km=6.5±0.04 ×103 M-1 that has been 
obtained as the average values of Km calculated from both K11 (Km = 7.95×103 M-1) and K11-21 
(Km  =  5.03×103 M-1 ). This value of  Km is in perfect agreement with the one reported in 
literature  for  the coordination of  pyridine to a  zinc tetraphenylporphyrin.13 Furthermore, 
since  the  two  calculated  Km  values  are  very  similar  to  each  other,  we  can  estimate  the 
cooperativity  factor  α  to  be  equal  to  1,  meaning  that  there  is  no  cooperativity  in  the 
coordination of the pyridines to the  two Zn porphirins.7 
Ruthenium tweezer: UV-vis titration with 4'-cisDPyP
The UV-vis titrations of  [t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2] toward the ditopic ligand 4'-
cisDPyP were carried out through a similar methodology as described above for pyridine, 
monitoring the shift of the zinc-porphyrin main Q-band  from 553 to 564 nm. In this case 
the concentration of  [t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2] was 4.45×10-5 M, and two solutions of 
4'-cisDPyP at different concentrations  were used to cover a wide range of reactants ratios 
(from 1.21×10-6  M to 2.34×10-4 M). In Scheme 4 we report the main equilibria that can be 
involved in  this  titration although,  for  our aim,  only  the first  one was investigated.  The 
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second  equilibrium  occurs  for  higher  concentration  of  “tweezer”,  as  seen  in  the  NMR 
experiments, or for higher [4'-cisDPyP]/[tweezer] values.
The equilibrium constant of the first equilibrium shown in Scheme 4 is defined as:
K11= [3]/[1Zn][4'-cisDPyP]
Scheme 4.  Main species and equilibria involved in the reaction of 1Zn with 4'-cisDPyP.
Figure 10. UV-vis titration of the complex 
1Zn with 4'-cisDPyP.
100 = 1Zn; 010 = 4'-cisDPyP; 110 = 3.
a) Uv-vis spectra of the three  colored 
species.
b) Original UV-vis spectra of the titration.
c) Speciation.
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The  UV-vis  titration  (Figure  9)  shows  that,  at  this  concentration  of  [t,c,c–
RuCl2(CO)2(Zn∙4'MPyP)2] there is the exclusive formation of the tris-porphyrin macrocycle 3 
and its stability constant is K11=1.44±0.02×105 M-1 corresponding to an effective molarity 
EM =1.7×10-3 M (the cooperativity factor α for the host was calculated to be equal to 1).9,10
Rhenium tweezer: UV-vis titration with 4'-cisDPyP
The titrations of [fac-Re(CO)3Br(Zn∙4'MPyP)2] with 4'-cisDPyP were carried out through 
a similar methodology as described above for the Ru(II) tweezer, monitoring the shift of the 
zinc-porphyrin main Q-band from 550 to 565 nm. Similar considerations about the equilibria 
involved  apply  as  above  (Scheme  5).  In  this  case  the  concentration  of  [fac-
Re(CO)3Br(Zn∙4'MPyP)2]  was 3.94×10-5  M and,  in  order  to cover  a  wide range of  ratios 
between the reactants, two solutions of 4'-cisDPyP at different concentrations were used. 
The equilibrium constant  of  the first  equilibrium shown in  Scheme 5 is  defined as 
follow:
K11= [4]/[2Zn][4'-cisDPyP]
Scheme  5. Main  species  and  equilibria  involved  in  the  reaction  of  [fac-
Re(CO)3Br(Zn∙4'MPyP)2] with 4'-cisDPyP.
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Figure 11. UV-vis titration of the complex 
2Zn with 4'-cisDPyP. 
100 = 2Zn ; 010 = 4'-cisDPyP ; 110 = 4.
a)  Uv-vis  spectra  of  the  three  coloured 
species.
b) Original UV-vis spectra of the titration.
c) Speciation.
The UV-vis titration shows how at this concentration of  [fac-Re(CO)3Br(Zn∙4'MPyP)2] 
there is the exclusive formation of the tris-porphyrin macrocycle 4 and the stability constant 
is K11=1.82±0.08 ×105 M-1 corresponding to an effective molarity EM =2.15×10-3 M (also in 
this case the cooperativity factor α for the host was calculated to be equal to 1).9,10 These data 
agree well with the association constant and EM obtained for [t,c,c–RuCl2(CO)2(Zn∙4'MPyP)2] 
and tell us that the two metallo-tweezers have a very similar behaviour: this means that the 
different kind of metal in the tweezer does not influence significantly the stability of the tris-
porphyrin macrocycle.
Isothermal Titration Calorimetry (ITC)
ITC is  a  quantitative  technique  that  can  directly  measure  the  binding  affinity  (Ka), 
enthalpy changes (ΔH),  and binding stoichiometry (n)  of the interaction between two or 
more molecules in solution. From these initial measurements Gibbs energy changes (ΔG), 
and entropy changes (ΔS), can be determined using the relationship:
ΔG = -RTlnK = ΔH-TΔS 
(where R is the gas constant and T is the absolute temperature).
In ITC, a a solution of “guest” is titrated into a cell containing a solution of the “host” 
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at constant temperature. When the guest is injected into the cell, host and guest interact, and 
heat is released or absorbed in direct proportion to the amount of binding. As the host in the 
cell becomes saturated with guest, the heat signal diminishes until only the background heat 
of dilution is observed. 
Ruthenium tweezer: ITC titration
Isothermal titration calorimetry were performed adding 2µL amounts of a deacidified 
chloroform  solution  of  4'-cisDPyP  to  a  seven  fold  diluted  solution  of  [t,c,c–
RuCl2(CO)2(Zn∙4'MPyP)2]. Figure 12 depicts the heat evolved against the molar ratio for the 
calorimetric  titration  of  [t,c,c–RuCl2(CO)2(Zn∙4'MPyP)2]  (1.26×10-3  M) with  4'-cisDPyP 
(9.24×10-3  M).  After  each  injection,  the  heat  release  was  monitored  (Figure  12).  The 
thermodynamic  function  calculated  from the  ITC titration  data  were  obtained  using  the 
binding  model  implemented  in  the  Microcal  ITC  Data  Analysis  software.
Figure 12. ITC titration of tweezer 1Zn with 4'-cisDPyP.
The binding isothermal curve is sigmoidal and shows an inflection point at a molar ratio 
equal to 1 suggesting a 1:1 stoichiometry binding model and gives a  ΔH° = -9.714±0.02 
kcal·mol-1   and an association constant Ka = 6.8±0.2 ×104 M-1,  that is quite close to what 
obtained from the UV-vis titration with the same species. 
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Rhenium tweezer: ITC titration
The ITC titration (Figure 13) of 2Zn with 4'-cisDPyP was  carried out through a similar 
methodology  as  described  above  adding  2  µL  injections  of  a  8.95×10-3 M  deacidified 
chloroform solution of the guest (4'-cisDPyP) to a seven fold diluted (1.16×10-3 M) solution 
of the rhenium-bisporphyrin tweezer 2Zn.
Figure 13. ITC titration of tweezer [fac-Re(CO)3Br(Zn∙4'MPyP)2]  with 4'-cisDPyP.
As  in  the  case  reported  above,  the  binding  isothermal  is  sigmoidal  and  shows  an 
inflection point at a molar ratio equal to 1 suggesting a 1:1 stoichiometry binding model and 
gives a ΔH° = -9.638±0.02 kcal·mol-1 and an association constant Ka = 1.24±0.04 ×105 M-1 
that fits very well with the UV-vis titration data reported above (1.82±0.2 ×105 M-1).
Assembly of multiporphyrin bi-cycles
As a logical extension of the synthetic results described in the first part of this chapter 
we  have  investigated the reaction  of  both the  complexes   [t,c,c-RuCl2(CO)2(Zn∙4'MPyP)2] 
(1Zn)  and  [fac-Re(CO)3Br(Zn∙4'MPyP)2] (2Zn) with  the  tetratopic ligand 4'TPyP,  that  is 
expected to yield a  2:1 porphyrin macrocycle, i.e. a bis-metallacycle.
We report here some preliminary NMR data that unambiguously confirm that treatment 
of one equivalent of either (1Zn) or (2Zn) with 0.5 equivalent of 4'TPyP, in CDCl3 solution, 
leads  to  the  quantitative  formation  of  the  corresponding  2:1  macrocycles  [{t,c,c-
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RuCl2(CO)2(Zn∙4'MPyP)2}2(μ-4'TPyP)]  (5)  and  [{fac-Re(CO)3Br(Zn∙4'MPyP)2}2  (μ-4'TPyP)] 
(6), respectively (Schemes 6 and 7).
Scheme  6.  Scheme  of  reaction  and  molecular  modeling  of   [{t,c,c-
RuCl2(CO)2(Zn∙4'MPyP)2}2(μ-4'TPyP)] (5).
Scheme 7.  Scheme of reaction and molecular modeling of  [{fac-Re(CO)3Br(Zn∙4'MPyP)2}2 
(μ-4'TPyP)] (6).
Both titrations were followed by 1H NMR spectroscopy, mainly monitoring the shift of 
the  signals  of  the  pyridyl  protons  of  4'TPyP  (o-Py  and  m-Py)  induced  by  coordination 
(Figures 14 and 15). The considerations supporting the nature of the bi-cyclic products are 
similar to those done for the titrations of the tweezers with 4'-cisDPyP: 
• The 1H NMR spectra show a large upfield shift for the resonances of o-Py and m-Py 
protons  of  4'TPyP  (Δδ =  -6.48  and  -2.40  ppm,  respectively),  indicating  axial 
coordination of all pyridyl rings to the zinc-porphyrins.
• Relative integration of the signals of 4'TPyP and of the tweezers establishes the 1:2 
stoichiometry of the adducts.
• In both products the 4'TPyP guest gives rise to only one set of signals. Consistent 
with the symmetry of the bi-cyclic adducts, all four pyridyl rings are equivalent and 
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Assembly of multiporphyrin cycles
the β-pyrrole protons resonate as a singlet.
• Upon reaching the 1:2 stoichiometric ratio the o-Py and m-Py resonances of 4'TPyP 
broaden  in  both  the  experiments,  but  they  sharpen  again  upon  lowering  the 
temperature at 0 °C. 
Figure 14.  1H-NMR spectrum in CDCl3 of  5 immediately before the stoichiometric ratio is 
reached. The upfield resonance of the NH protons of 4'TPyP is not shown.
Figure 15.  1H-NMR spectrum in CDCl3 of  6 immediately before the stoichiometric ratio is 
reached. The upfield resonance of the NH protons of 4'TPyP is not shown.
UV-vis and ITC titrations for determining the association constants of these systems 
are planned.
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Conclusions
There are in the literature previous examples of bis-porphyrin tweezers in which the 
two metallo-porphyrins are covalently connected by organic spacers or,  more seldom, by 
metal centers.  The two porphyrins can bind suitable guest  molecules either through axial 
coordination (as in our systems) or through non-covalent interactions. A typical example of 
these latter systems is the “Jaw-porphyrin” complex reported by Boyd and Reed, consisting 
of two 3'-MPyP porphyrins connected through a Pd ion. When co-crystallized with fullerene, 
the cleft defined by the two porphyrins includes C60 through stacking interactions (see Figure 
4 of Introduction).14
 To  our  knowledge,  however,  there  is  only  one  previous  case  in  which  the  guest 
molecule is another porphyrin, precisely 4'-cisDPyP. Sauvage et al described a bis-porphyrin 
system in which two zinc porphyrins are connected by a phenanthroline linker in an oblique 
fashion. This compound acts as a bifunctional receptor for the complexation of 4'-cisDPyP 
through two axial Zn–N(pyridyl) interactions (Scheme 8).11
Scheme 8. Schematic synthesis of the tris-porphyrin macrocycle described by Sauvage et al.11
The association constant of this system was found to be about 6 × 108 M-1, i.e. ca. three 
orders of magnitude higher than those found by us for our systems. Models of the two types 
of bis-porphyrin tweezers (i.e. phenathroline-tweezer and metalla-tweezers), and also the X-
ray  molecular  structure  of  the  tris-porphyrin  phenanthroline  macrocycle  described  by 
Sauvage (Scheme 8), clearly show that for both systems there is an almost perfect size match 
between the host (the tweezer) and the guest molecule of 4'-cisDPyP. Thus, the remarkably 
higher affinity of the phenanthroline bis-porphyrin tweezer toward 4'-cisDPyP compared to 
the metalla-tweezers described here is most likely due to the higher conformational freedom 
of the latter systems. In fact, while in the Ru or Re tweezers the two  cis-connected zinc-
porphyrins are in free rotation about the metal-N bonds (see above), it is to be expected that 
in the phenathroline system, for steric reasons, there is hindered rotation about the bonds 
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that connect the porphyrins to the phenanthroline spacer through the six-membered rings. In 
other words, in the phenanthroline tweezer the two porphyrins (as confirmed also by the X-
ray structure of the host shown in Figure 16)15 are already oriented correctly for hosting the 
4'-cisDPyP guest,  i.e.  the system is  much more pre-organized compared to the metallo-
tweezers.
Figure 16. X-ray crystal structure for the oblique bisporphyrin system described by Sauvage 
(from ref. 15).
On the other hand, the bis-porphyrin metalla-tweezers have the advantage that they can 
be synthesized much more easily compared to the organic compound, and they are modular 
systems,  in  that  the  nature  of  the  metal  and of  the  ancillary  ligands  can  be  varied  “on 
demand” (at least in principle). Accordingly, it might be possible to hinder the rotation of the 
two adjacent porphyrins by appropriately changing the nature of the ancillary ligands on the 
metal core, e.g. by increasing their steric hindrance.
In the future, beside performing a more detailed investigation of the bicyclic adducts 
formed by the tweezers with the cruciform linker 4'TPyP, we want to establish the affinity of 
these  systems  towards  other  linkers  that,  according  to  models,  have  a  worse  size-match 
compared to  4'-cisDPyP.  In particular,  we are  interested to establish  if  the bis-porphyrin 
tweezers show any kind of selectivity towards the pair of geometrical isomers 4'-cisDPyP and 
4'-transDPyP, i.e.  if  the tweezers are capable  of binding selectively the  cis isomer from a 
mixture of the two. It is to be expected that the more rigid and pre-organized phenanthroline 
tweezer shows a better selectivity compared to the metalla-tweezers. On the other hand, the 
more flexible metalla-tweezers might be capable of binding with relatively good affinity also 
linkers that do not have (on paper) a good size match.
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Experimental part
1HNMR spectra were recorded on Jeol Eclipse spectrometer at 400 MHz. UV-vis spectra 
were  measured  on  a  Shimadzu  UV-2401PC  spectrometer  and  the  measurements  of 
isothermal  titration  calorimetry  (ITC)  were  carried  out  on  a  Microcal  VP-ITC 
microcalorimeter.  The data  obtained from the UV-vis  spectrophotometric  titrations were 
analyzed  by  fitting  the  whole  series  of  spectra  at  0,5  nm  interval  using  the  software 
SPECFIT3.0 from Spectrum Software Associates, which uses a global system with expanded 
factor  analysis  and  Marquardt  least-squares  minimization  to  obtain  globally  optimized 
parameters.  The  thermodynamic  functions  calculated  from  the  ITC  titration  data  were 
obtained using the binding model implement in the Microcal ITC Data Analysis software. 
Deacidified  chloroform  was  used  as  solvent  for  the  UV-vis  titrations  and  the  ITC 
measurements.  Deacidified  deutero-chloroform  was  used  as  solvent  in  the  1H  NMR 
titrations.
[t,c,c-RuCl2(CO)2(4'MPyP)2]  (1).  A chloroform solution  of  4'MPyP was  treated with a 
stoichiometric  amount  of  [t,c,c-RuCl2(CO)2(dmso-O)2].  The  solution  was  then  allowed  to 
react at ambient temperature for 4 days. The product precipitated as non-crystalline, purple 
solid  after  concentration  of  the  solution  to  less  than  half  volume (without  heating)  and 
addition of some diethyl ether. The product were collected by filtration, washed with cold 
acetone  and  diethyl  ether,  and  vacuum  dried.  Yield  of  1  from  30  mg  of  [t,c,c-
RuCl2(CO)2(dmso-O)2] (  7.80 ×  10-2 mmol):  99  mg  (85%).  Selected  data  for  1:  MW 
C88H58Cl2N10O2Ru=1458.3. 1H-NMR(δ, CDCl3, see Fig. 6 for labeling scheme) 9.58 (d, 4 H, 
H2,6), 8.94 (m, 16 H, βH), 8.46 (d, 4 H, H3,5), 8.20 (d, 4 H, oH), 8.16 (d, 8 H, oH), 7.77 (m, 6 
H, m + pH), 7.68 (m, 12 H, m + pH).
[fac–Re(CO)3Br(4'MPyP)2] (2). A chloroform solution of 4'MPyP was treated with a slight 
excess (2,2 : 1) of [Re(CO)5Br]. The solution was then heated to reflux for 20 h. The product 
precipitated as non-crystalline, purple solid after concentration of the solution to less than 
half  volume  (without  heating)  and  addition  of  some  diethyl  ether. Chromatographic 
purification on a 4×25 cm column, packed with silica gel and eluted with a CHCl3, yielded 
pure 2 as the first band: Yield of 2 from 200 mg of  [Re(CO)5Br] ( 4.90 × 10-1 mmol) 730 mg 
(94%). Selected data for 2: MW C89H58BrN10O3Re= 1581.6;  1H NMR (δ, CD2Cl2, see Fig. 6 
for labeling scheme): 9.50 (d, 4 H, H2,6), 8.90 (m, 16 H, βH), 8.43 (d, 4 H, H3,5), 8.23 (m, 4 
H, oH), 8.16 (m, 8 H, oH),7.78 (m, 6 H, m + pH), 7.70 (m, 12 H, m + pH). Selected IR 
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(KBr, cm−1): νCO 2030 (s) 1930 and 1920 (s, br).
Materials. 4'PyPs and 3'PyPs were synthesized and purified as described in the literature.16,17 
The  precursors  [t,c,c-RuCl2(CO)2(dmso-O)2]  and  [Re(CO)5Br]  were  prepared  following 
published procedures.1-3 
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Photoactive assemblies of  porphyrins and Re(I) complexes
Introduction
We are  interested in  the design and construction of  metal-mediated supramolecular 
assemblies of  porphyrins and other organic chromophores (e.g. perylene bisimide dyes) for 
photophysical  applications.  In  previous  years  we described a  number of  structurally  and 
photophysically well characterized systems in which  meso-pyridylporphyrins (i.e.  porphyrins 
carrying from 1 to 4 pyridyl substituents at the meso positions, PyPs) are peripherally bound 
to  neutral  Ru(II)  fragments  derived  from  Ru-dmso  precursors.1 In  multi-porphyrin 
assemblies  these  ruthenium fragments behave as  connectors  between  the chromophores, 
while in mono-porphyrin systems they decorate the exterior of  the central chromophore and 
tune its photophysical properties. 
More recently we introduced in our synthetic kit also metal connectors derived from the 
rhenium(I)-carbonyl precursor ReBr(CO)5.2 Similarly to Ru(II), also Re(I) is diamagnetic (thus 
allowing NMR spectroscopic characterization) and makes strong and inert bonds with the 
pyridyl moieties of  PyPs. 
Hupp and co-workers have described several multi-porphyrin assemblies in which the 
connector is the neutral  cis bis-acceptor fragment  fac-ReCl(CO)3.3 We became interested to 
polypyridine  Re  triscarbonyl  complexes  which  are  well  known  for  their  attractive 
electrochemical  and  excited-state  properties:  compounds  containing  the  fac-
[Re(CO)3(diimine)]+ unit are powerful electron acceptors, display intense luminescence in the 
visible region in solution at ambient temperature, because of  a long-lived Re→π*(diimine) 
MLCT excited state, and are stable to photo-decomposition.4 The attachment of  such Re(I) 
fragment to porphyrins affords poly-chromophoric assemblies that are likely to have new 
photophysical properties such as photoinduced electron or energy transfer processes. 
There are basically two ways in which a [fac-Re(CO)3(diimine)]+ unit can be connected 
to  a  porphyrin  (Figure  1):  either  the  diimine is  functionalized  and then conjugated to  a 
peripheral group on the porphyrin (in this case the coordination sphere of  Re(I) must be 
completed by a sixth ligand, either neutral or anionic), or the porphyrin itself  behaves as a 
ligand through a peripheral  meso pyridyl group and is  directly bound to the Re(I)  center, 
adjacent to the coordinated diimine. The group of  Perutz has described compounds of  the 
first type, of  general formula [fac-Re(CO)3(L)(bipy-M porph)]n (L = Br-, n = 0; L = 3-picoline 
or THF, n = +1; M= Mg or Zn), in which a meso-tetraphenylmetalloporphyrin is linked via an 
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amide bond to the bipy ligand.5 When L = 3-picoline (3-pic) (Figure 1), a fast photoinduced 
electron transfer process from the metalloporphyrin to the Re(I)  bipyridine complex was 
revealed by time-resolved infrared spectroscopy.6
Figure  1. Schematic  representation  of  [fac-Re(CO)3(3-pic)(bipy-M porph)]+ described  by 
Perutz and co-workers (left) and [fac-Re(CO)3(bipy)(4'MPyP)]+ (2) (right).
Here  we  describe  in  detail  the  synthesis  and the  structural  characterization  of  two 
pyridylporphyrin-Re(I)  adducts  of  the  second  type,  in  which  the  porphyrin  is  directly 
coordinated  to  the  Re(I)  fragment,  namely  the  dimeric  and  pentameric  compounds  [fac-
Re(CO)3(bipy)(4'MPyP)](CF3SO3) (2) (Figure 1, 4'MPyP = 4'-monopyridylporphyrin) and [fac-
{Re(CO)3(bipy)}4(μ-4'TPyP)](CF3SO3)4 (3)  (Figure  2, 4'TPyP  =  4'-tetrapyridylporphyrin), 
respectively.7 We also describe the corresponding geometrical isomers obtained with 3' rather 
than  4'  porphyrins:  [fac-Re(CO)3(bipy)(3'MPyP)](CF3SO3)  (4)  and  [fac-
{Re(CO)3(bipy)}4(μ-3'TPyP)](CF3SO3)4 (5).
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Figure  2.  Schematic  representation  of  the  pentameric  complex  [fac-
{Re(CO)3(bipy)}4(μ-4'TPyP)](CF3SO3)4 (3).
It is anticipated that the change in the position of  the peripheral pyridyl nitrogen atom 
from 4' to 3' will lead to remarkable, and hardly predictable, changes in the relative geometry 
of  the porphyrin and the Re fragment(s). We also report an overview of  the photophysical 
investigation that has been done on compounds  2 and 3.7
Preparation and solid state structures
We showed that [fac-Re(CO)3(bipy)(dmso-O)](CF3SO3) (1) is a good precursor for the 
efficient  preparation  of  luminescent  [fac-Re(CO)3(bipy)(L)](CF3SO3)  complexes  by 
replacement of  the weakly bound dmso-O with an N-donor heterocycle (L).2 Treatment of  
either 4'MPyP or 4'TPyP with a slight excess of  1 afforded the mono- and tetra-substituted 
porphyrins,  [fac-Re(CO)3(bipy)(4'MPyP)](CF3SO3)  (2)  and  [fac-{Re(CO)3(bipy)}4(μ-4'TPyP)]
(CF3SO3)4 (3),  respectively,  in  pure  form and  acceptable  yields.7 With a  similar  synthetic 
procedure  we  also  prepared  the  isomeric  compounds  with  the  corresponding  3'-
pyridylporphyrins,  [fac-Re(CO)3(bipy)(3'MPyP)](CF3SO3)  (4)  and  [fac-
{Re(CO)3(bipy)}4(μ-3'TPyP)](CF3SO3)4 (5), respectively. 
Crystals of  2-5 suitable for X-ray diffraction analysis were obtained by slow diffusion 
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of  diethyl ether layered on top of  dichloromethane (2, 3) or acetone solutions (4, 5). The X-
ray molecular structures of  the cations of  2-5 are shown in Figures 3-6, respectively. In all 
compounds the Re centers display a distorted octahedral coordination sphere accomplished 
by three carbonyl ligands linearly coordinated in  fac geometry, a bipy and pyridyl ring from 
the  meso-porphyrin.  The  coordination  bond lengths  and  angles  are  unexceptional  and  in 
agreement  with those of  similar  Re complexes,2 although data  of  2 and  3 are  of  lower 
accuracy.
Figure  3.  Molecular  structure  of  the  complex  cation  of  2 with  selected  atom labeling 
scheme. 
Figure  4. Molecular  structure  of  the  complex  cation  of  3  with  selected  atom labeling 
scheme.
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Figure 5. Molecular structure of  the complex cation of  4 with selected atom labeling scheme.
Figure 6. Molecular structure of  the centrosymmetric complex cation of  5 with selected 
atom labeling scheme.
The porphyrin macrocycle in both mononuclear compounds 2 and 4 presents a warped 
geometry, more apparent in  4 (Figure 7), and testified by the values of  the dihedral angles 
formed by the opposite pyrrole rings in each macrocycle:  20(2),  11(2)° in  2,  and 24.0(4), 
27.2(4)° and 4. As a consequence, the best fit plane through the porphyrin shows significant 
displacements of  atoms up to ±0.41(3) Å in 2, and ±0.525(6) Å and 4 (Figure 7). The meso 
pyridyl and phenyl rings form dihedral angles with the best-fit plane of  the porphyrin that 
fall in the range 50.7(9)–67.1(7)° for 2, and 46.1(1)–67.1(2)° for 4, most likely for optimizing 
the crystal packing. It is worth noting that the angle value relative to the py ring is the largest 
in 2 (67.1(7)°), but rather narrow in 4 (46.1(1)°). 
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Figure 7. Side views of  the complex cation of  2 (top) and  4 (bottom) that evidence the 
porphyrin ring distortions.
For obvious geometrical  reasons related to the position of  the pyridyl N atom, the 
dihedral angle between the bipy ligand and the porphyrin is close to 90° in 2 (85.9(4)°), while 
it is much narrower in 4 (64.6(1)°). As a consequence, in 4 a side of  bipy is in close proximity 
to one pyrrole ring of  3'MPyP. 
The crystal packings of  2 and 4 evidence pairs of  molecules arranged about a center of  
symmetry,  with  stacking  between  the  porphyrin  units,  although  slightly  shifted  (offset 
between the porphyrin centroids: 5.32 in 2 and 5.05 Å in 4). The stacking distance (calculated 
between the inner nitrogen atoms) is relatively small in 4 (3.66 Å), indicating a π-π interaction 
between the aromatic rings. This feature seems favored by the orientation assumed by the 
pyridyl and phenyl rings about the porphyrin in 4 (see above). 
The crystal structure analysis of  3 and 5 indicate tetranuclear cations composed of  four 
[fac-Re(CO)3(bipy)]+ units  appended  to  the  4'TPyP  and  3'TPyP macrocycles,  respectively 
(Figures 4 and 5). In both compounds the porphyrin atoms are almost coplanar (in contrast 
with the deformations observed in the mononuclear complexes): the largest atom deviation 
from the porphyrin mean plane is ±0.13(2) Å in 3 and ±0.061(6) Å in 5, respectively. In 3 all 
Re atoms are crystallographically independent and the conformation shows an approximately 
D2h symmetry with adjacent [Re(CO)3(bipy)] fragments arranged in a pairwise fashion: bipy 
ligands on Re units coordinated to pyridyl rings at meso positions 5, 10 (and 15, 20) face each 
other,  while those on the  meso positions 5,  20 (and 10,  15) are far apart  (Figure  4).  The 
peripheral  Re(1)  and  Re(3)  atoms  show  a  small,  but  significant,  displacement  from the 
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porphyrin plane (-1.15(2) Å and +0.94(2) Å, respectively), while the corresponding values for 
Re(2) and Re(4) are negligible (+0.18(2), and -0.10(2) Å, respectively). The meso pyridyl rings 
connected  to  Re(1)  and  Re(3)  are  oriented  almost  perpendicularly  with  respect  to  the 
porphyrin mean plane (89.3(5) and 83.6(5)°, respectively), while those attached to Re(2) and 
Re(4) form with it dihedral angles of  68.1(4) and 64.0(4)°, respectively. In  3 the potential 
solvent area in the unit cell accounts for 28.4% of  the volume, but the low quality of  the 
crystals did not allow us to successfully refine solvent molecules.
Complex  5 is  located on a crystallographic  symmetry  center.  In  the solid  state  this 
compound has a step-like geometry, with two adjacent Re fragments above, and the other 
two below, the porphyrin plane (Figure 4). Thus the central 3'TPyP has a  1,2-alternate (or 
up,up-down,down) conformation. The peripheral Re(I) ions show different displacements from 
the porphyrin mean plane: 4.01(1) Å for Re(1) and 2.252(8) Å for Re(2), due to the different 
conformation assumed by the [Re(CO)3(bipy)]  fragments about  the C(py)–C(meso)  bonds. 
The  acetone  solvent  molecules  in  5,  which  are  distributed  in  the  lattice  among  the 
tetranuclear complexes and the triflate anions, do not evidence any unusual short contact.
1H NMR spectroscopy
The  1H NMR spectra of  2 and  3 in CDCl3 show sharp signals  exclusively,  and are 
consistent with the solid state structures. The resonances of  the porphyrin and of  the bipy 
ligand (four,  consistent with the symmetry of  the molecules) were assigned by means of  
conventional  HH COSY spectra.  In  the spectrum of  3 a  single  set  of  bipy signals  was 
observed, implying that all four metal fragments are equivalent by virtue of  free rotation 
about the Re–N(py) bonds. The doublet at δ = 8.83 in the spectrum of  3 was unambiguously 
assigned to the pyridyl protons closest to the coordinated N atom (H2,6), as it shows a clear 
nOe  effect  with  the  resonance  of  the  bipy  protons  in  6,6'  positions  (most  downfield 
resonance at  δ = 9.51).  In general,  coordination of  the pyridyl ring to the  fac-ReX(CO)3 
fragment (X = Cl or Br) induces a typical downfield shift for the resonance of  H2,6 protons. 
On the contrary, in the spectra of  both  2 and  3, as in similar model complexes,2 the H2,6 
doublet  is  shifted  upfield  compared  to  the unbound porphyrin  because  of  the  shielding 
effect of  the adjacent, and almost orthogonal, bipy ligand.
The spectrum of  the monomer compound with 3'MPyP, 4 (Figure 8), is straightforward 
and totally  consistent with the solid state structure,  suggesting that a similar geometry is 
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maintained in solution. In the solid state the 3'-pyridyl ring is oriented in such a way that H2 
points away from the bipy: in solution the resonance of  H2 (a singlet) is the most downfield 
resonance (δ = 9.12) suggesting that it is not influenced by the shielding cone of  bipy. The 
solid state structure also shows that the protons of  one pyrrole ring are quite close to the 
bipy ligand (the H atoms of  the N4 pyrrole ring are at 3.2 and 3.5 Å, respectively, from the 
centroid of  the bipy pyridyl ring containing N1, Figure 5): consistent with this geometry, in 
the NMR spectrum the resonance of  two (equivalent) pyrrole protons is shifted remarkably 
upfield compared to those of  the other six (δ= 8.28 vs 8.86). These observations suggest 
that in solution hindered rotation of  the metal fragment relative to the porphyrin occurs. 
Figure  8. Downfield  region  of  the  1H  NMR  spectrum  (CDCl3,  400  MHz)  of  [fac-
Re(CO)3(bipy)(3'MPyP)](CF3SO3) (4) with labeling scheme.
The  1H  NMR  spectrum  of  5 (crystalline  material) at  room  temperature  is  quite 
complex.  In  all  solvents  investigated  (CD3NO2,  CDCl3,  CD2Cl2,  acetone-d6)  it  shows  a 
manifold  of  relatively  broad  and  overlapping  multiplets,  suggesting  the  co-existence  of  
several  conformers,  owing  to  hindered  rotation  about  the  C(meso)–C(pyridyl)  bond (and 
perhaps also the N–Re bond).  The effect of  temperature on the NMR spectrum of  5 was 
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investigated in acetone-d6 (–75 °C < T < 25 °C) and in CD3NO2 (25 °C < T < 75 °C), but no 
significant  improvement  was  obtained.  Upon decreasing  the temperature,  the resonances 
became  sharper  at  about  0  °C,  but  gradually  broadened  again  for  lower  T.  For  higher 
temperatures a progressive broadening was observed, but coalescence was not reached. Thus 
no assignment was attempted.
Insertion  of  Zn(II)  into  the  porphyrin  core  of  2-5 was  efficiently  performed  by 
treatment  with  excess  zinc  acetate  in  methanol/dichloromethane  mixtures.  For  each 
compound, zinc insertion was confirmed by the typical change in the Q-band region of  the 
visible spectrum and by the disappearance of  the NH singlet in the proton NMR spectrum. 
In contrast to the free-base compounds, the zincated adducts 2Zn and 3Zn proved to be less 
soluble in CDCl3 or CD2Cl2, suggesting a stronger aggregation in the solid state.8 
The 3'PyP compounds 4Zn and 5Zn maintained instead a fair solubility, even though 
lower  than  the  corresponding  free-base  compounds.  In  all  cases,  good  solubility  was 
recovered by addition of  a few μL of  CD3OD. The 1H NMR spectrum of  5Zn will not be 
discussed because it is similar to that of  5. The 1H NMR spectrum of  4Zn in pure CDCl3 
showed  relatively  broad  and  badly  resolved  peaks,  consistent  with  the  occurrence  of  
aggregation also in solution. Beside increasing the solubility, the addition of  CD3OD induced 
the  appearance  of  a  normal  spectrum,  with  sharp  peaks,  most  likely  because  methanol 
coordinates to Zn and disrupts aggregation.
Geometry discussion
As mentioned in the Introduction, it is to be expected that the geometrical features of  
metal-mediated assemblies containing  either  4'PyPs, or the corresponding 3'PyPs, are quite 
different. In both porphyrins the meso pyridyl rings are, as an avarage, almost perpendicular to 
the mean plane of  the chromophore, but while in 4'PyPs the (pyridyl)N–metal bonds lay in 
this plane, in 3'PyPs they lay either above or below it and their exact geometry will depend on 
the  orientation  of  each  pyridyl  ring  relative  to  the  porphyrin  plane.  For  example,  we 
demonstrated  that  while  the  metallacycle  [trans,cis-RuCl2(CO)2(4'-cisDPyP)]2 is  flat,  the 
corresponding  metallacycle  containing  3'-cisDPyP  instead  of  4'-cisDPyP,  [trans,cis-
RuCl2(CO)2(3'-cisDPyP)]2,  has  an  unprecedented  staggered  geometry  with  the  two 
chromophores held in a  slipped cofacial arrangement by the metal fragments.9 A very similar 
97
Chapter Four
geometry  was  found also  for  the  corresponding metallacycle  with  Re(I)  connectors,  [fac-
ReBr(CO)3(3'-cisDPyP)]2.1d In  these  metallacycles,  each  3'-cisDPyP  unit  has  a  1,2-alternate 
conformation very similar to that found in the molecular structure of  compound 5 (Figure 
6).10 There are two other examples of  discrete assemblies in which 3'TPyP is bound to four 
equal peripheral metal centers, and both have in the solid state a conformation different from 
that  found  in  5.  Fujita  and  co-workers  reported  the  X-ray  structure  of  the  charged 
tridimensional prism, [{Pd(en)}6(μ-Zn·3'TPyP)3](NO3)12 (en = ethylenediamine), in which all 
pyridyl rings have a syn orientation, with the connecting Pd fragments laying above the planes 
of  adjacent porphyrins.11 We previously described the molecular structure of  the pentameric 
porphyrin assembly [{Ru(TPP)(CO)}4(μ-3'TPyP)], in which the axially bound Ru(TPP)(CO) 
units  lay  alternatively  above  and  below  the  plane  of  the  central  3'TPyP  (1,3-alternate 
conformer).12 These  three examples,  in which the central  3'TPyP unit  has three different 
conformations  (Figure  9),  indicate  that  the  geometries  of  metal-mediated  assemblies 
involving 3'PyPs are hardly predictable a priori.
Figure 9. Schematic drawings of  the three possible limit conformers of  3'TPyP.
NMR data suggest that, in solution, compound 4 has a geometry similar to that found 
in the solid state. Thus in the two isomeric dyads 2 and 4 (and in the corresponding zincated 
adducts  2Zn and  4Zn as well), the relative positions of  the porphyrin and of  the Re-bipy 
fragments are remarkably different: in 2 the planes of  the porphyrin and of  bipy are almost 
orthogonal, whereas in 4 they are much closer to one another. 
Photophysics 13
For  the  time  being,  the  photophysical  investigation  was  restricted  to  the  free  base 
adducts  2 and  3; the pyridine model complex [fac-Re(CO)3(bipy)(py)](CF3SO3) (RePy) was 
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used as reference.
In  the  visible  region  dominated  by  the 
pyridylporphyrin component, the spectra of  2 and 
3  show  the  typical  patterns  of  the  free  base 
porphyrins,  with  four  Q  bands  in  the  range 
between 500 and 700 nm and a very intense Soret 
band around 415 nm. In the ultraviolet region also 
the  rhenium  unit  absorbs;  the  metal-to-ligand 
charge-transfer  (MLCT)  Re  →  bipy  bands  are 
hidden  by  the  porphyrin  Soret  band  in  both 
adducts  while  the  intense  ligand  centered  (LC) 
transitions are evident under 330 nm with a narrow 
band  at  321  nm  that  can  be  clearly  recognized 
particularly in the spectrum of  3  (Figure 10). The 
spectra of  the metal adducts  2 and  3 are a good 
superposition  of  those  of  the  molecular 
components: this feature permits an evaluation, at 
any wavelength, of  the relative amounts of  exciting 
light  absorbed  by  each  one  of  the  two 
components.  In  particular,  although  the  porphyrin  component  dominates  the  light 
absorption  in  a  large  portion  of  the  spectral  region  investigated,  a  relatively  efficient 
excitation of  the Re-based unit can be obtained in the UV region. 
Light in the visible region at λ > 450 nm selectively excites the porphyrin unit. Following 
excitation at  517 nm for  both adducts  2 and  3,  the  porphyrin  fluorescence  is  definitely 
weaker than that of  the parent pyridylporphyrin. The decrease in fluorescence intensity was 
accompanied  by  a  parallel  decrease  in  fluorescence  lifetime.  A  comparison  between  the 
dimeric  2 and  pentameric  3  species  clearly  indicates  that  the  magnitude  of  the  effect 
correlates  with  the  number  of  rhenium  centers  connected  to  the  porphyrin  unit.  As 
demonstrated in previous work,14 the quenching of  fluorescence lifetime in the adducts is not 
a consequence of  coordination as such but it must be attributed to intrinsic properties of  the 
metal units. We attribute the quenching observed to the heavy-atom effect provided by the 
rhenium centers, i.e. the enhancement by spin–orbit coupling of  a formally spin-forbidden 
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Figure 10. Absorption spectra of  (a) 2 
(full line), 4'MPyP (dashed line), and 
RePy  (dotted line) and (b) 3 (full line), 
4'TPyP (dashed line), and RePy (dotted 
line) in dichloromethane solution. The 
insets show the Soret bands. 
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deactivation process of  the singlet state of  the porphyrin.
As already pointed out , in the ultraviolet region substantial excitation of  the rhenium 
unit can be reached. The important result obtained in this study is that following excitation at 
321 nm light (75% rhenium unit absorption for  3),  the typical MLCT emission from the 
triplet  state  of  the  rhenium unit  (Fb  –3*Re)  was  not  detected.  The  lack  of  the  MLCT 
emission  has  been  widely  discussed  on  our  previuos  work7 and  will  be  only  briefly 
summarized below.
Conclusions
In this chapter we reported in detail the synthesis and the structural characterization of  
new pyridylporphyrin-Re(I) adducts,  in which the porphyrin is directly coordinated to the 
Re(I) fragment.
In short, the photophysical measurements performed on 2 and 3 showed that: i) upon 
excitation  of  the  porphyrin  chromophore  the  typical  fluorescence  emission  is  quenched 
because of  enhanced intersystem crossing induced by the peripheral Re atoms; ii) excitation 
of  the  Re  fragments  is  followed  by  partial  sensitization  of  the  porphyrin  fluorescence, 
indicating  the  occurrence  of  fast  inter-component  energy  and/or  electron  transfer 
processes.7 These results indicate that (i)  ultrafast intercomponent energy and/or electron 
transfer  processes  take  place  from  the  singlet  MLCT  state  of  the  rhenium  unit,  in 
competition  with  intersystem  crossing  and  (ii)  efficient  triplet  energy  transfer  from  the 
rhenium unit to the porphyrin unit takes place. 
These results are in contrast with those reported by Perutz and co-workers for the dyad 
[fac-Re(CO)3(3-pic)(bipy-Zn·porph)]+ that contains two molecular units very similar to those 
of  our  systems  (see  Introduction  and  Figure  1).6 These  authors  observed  a  complete 
quenching of  the porphyrin fluorescence accompanied by a drastic shortening of  the singlet 
porphyrin  lifetime.  A lifetime  of  24  ps  (nitrile  solvents)  was  measured  by time resolved 
absorption experiments in the visible. In addition, an ultrafast photoinduced electron transfer 
process from the Zn-porphyrin unit to the rhenium-bipy unit was revealed by time-resolved 
infrared spectroscopy. The different photophysical behavior of  the two similar Re-porphyrin 
systems is summarized in Figure 11.
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Figure 11. Schematic  representation of  the different  photophysical  behavior  of  the two 
Re(I)-porphyrin systems. elT = electron transfer.
We are now interested to establish if  the different photophysical behaviour observed 
for these two similar systems, that basically contain the same molecular fragments (i.e. the 
porphyrin and the Re-bipy unit)  assembled in two different ways,  is  due to the different 
connectivity between the fragments or to the fact that our systems contain free-base, rather 
than  zincated,  porphyrins.  For  this  reason,  the  photophysical  properties  of  the  zincated 
adducts 2Zn - 5Zn are currently being investigated. Insertion of  zinc into the porphyrin core 
is  expected  to  modify  the  energy  level  diagrams  and  thus  potentially  lead  to  different 
photophysics compared to the free-base analogs. 
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Experimental Section
Materials
4'PyPs and 3'PyPs were synthesized and purified as described in the literature.15-17 The 
synthesis of  the Re(I) precursor fac-[Re(CO)3(bipy)(dmso-O)](CF3SO3) (1) and of  the mono- 
and  tetra-substituted  4'PyP derivatives,  fac-[Re(CO)3(bipy)(4'MPyP)](CF3SO3)  (2)  and  [fac-
{Re(CO)3(bipy)}4(μ-4'TPyP)](CF3SO3)4 (3), were  described  previously.2,7 Chemicals  were 
purchased from Aldrich. 
Although some of  the elemental analysis values, especially for C, differ from calculated 
values by > 0.5% (most likely because of  different amounts of  crystallization solvent), the 
proposed formulas for 4, 5, and for 2Zn – 5Zn are consistent with the 1H NMR, and X-ray 
crystallographic analysis (for selected compounds).
Instrumental Methods
Unless differently stated,  1H NMR spectra were collected at room temperature at 400 
MHz on a Jeol Eclipse 400 FT spectrometer, with residual non-deuterated solvent signal as 
reference for CD3NO2 (δ = 4.33) and CDCl3 (δ = 7.26) spectra. Infrared spectra (KBr) were 
recorded on a Perkin-Elmer 983G spectrometer or on a Perkin-Elmer 2000 NIR FT-Raman 
spectrometer.
Elemental analysis was performed at the Dipartimento di Scienze Chimiche, University 
of  Trieste. 
Crystallographic Measurements
Crystals of  2-4 suitable for X-ray diffraction were obtained by diffusion of  diethyl ether 
into dichloromethane solutions.  Crystals of  5 were obtained with the same technique form 
an acetone solution.  Crystal  data and details  of  data collections and refinements for the 
structures reported are summarized in Table 1. Data collections of  2 and 3 were carried out 
on  a  Cu  rotating  anode  (λ =  1.54178  Å),  graphite  monochromatized,  equipped  with  a 
Brucker CCD2000 detector. Data collection of  5 were performed at the X-ray diffraction 
beamline at  Synchrotron Elettra,  Trieste (Italy),  using a monochromatized wavelength of  
1.0000 Å. Cell refinement, indexing and scaling of  all the data sets were performed using 
programs  Denzo  and  Scalepack.18  All  the  structures  were  solved  by  direct  methods  and 
subsequent Fourier analyses and refined by the full-matrix least-squares method based on F2 
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with all observed reflections.19 Beside the triflate counteranions, the difference Fourier maps 
revealed in the asymmetric unit the presence of  three CH2Cl2 molecules in  2 and of  three 
independent  acetone  molecules  in  5.  The  contribution  of  hydrogen  atoms  at  calculated 
positions were included in final cycles of  refinement. All the calculations were performed 
using the WinGX System, Ver 1.64.20
Synthesis
[fac-Re(CO)3(bipy)(3'MPyP)](CF3SO3)  (4).  3'MPyP  (57  mg,  9.23×10-2 mmol)  was 
dissolved in 20 mL of  an acetone/dichloromethane (1:1) mixture.  After addition of  50 mg 
(7.64 ×10-2 mmol) of  [fac-Re(CO)3(bipy)(dmso-O)](CF3SO3) (1) the mixture was heated to 
reflux for 20 h and then concentrated in vacuo to ca. 5 mL, after filtration on fine paper for 
removing unreacted 3'MPyP. Purple microcrystals of  the product formed upon addition of  a 
few drops of  diethyl ether until  saturation, and were removed by filtration, washed with 
diethyl  ether  and  vacuum dried.  Yield:  80  mg (88%).  Found;  C,  56.8;  H,  3.05;  N,  8.10. 
C57H37N7F3O6ReS (MW = 1191.21) requires C, 57,4; H, 3.13, N, 8.23. 1H NMR (δ, CDCl3, see 
Figure 8 for labelling scheme): 9.12 (s, 1H, H2); 9.08 (d, 2H, H6,6' bipy); 9.06 (d, 2H, H3,3' 
bipy); 8.88 (m, 6H, βH); 8.69 (d, 1H, H6); 8.45 (d, 1H, H4); 8.39 (t, 2H, H4,4' bipy); 8.30 (d, 
2H, βH); 8.22 (m, 6H, oH); 7.80 (m, 10H, H5 + m+pH); 7.62 (t, 2H, H5,5' bipy). Selected IR 
(KBr, cm-1):ν CO 2030 (s) 1930 and 1919 (s, br).
[fac-{Re(CO)3(bipy)}4(μ-3'TPyP)](CF3SO3)4 (5). 3'TPyP (5.7 mg, 9.16 ×10-3 mmol) was 
dissolved in 20 mL of  an acetone/dichloromethane (1:1) mixture.  After addition of  30 mg 
(4.5 ×10-2 mmol)  of  [fac-Re(CO)3(bipy)(dmso-O)](CF3SO3)  (1)  the mixture  was  heated to 
reflux for 24 h and then concentrated in vacuo to ca. 5 mL, after filtration on fine paper for 
removing unreacted 3'TPyP. Purple microcrystals of  the product formed upon addition of  a 
few drops  of  diethyl  ether  until  saturation  and  were  removed  by filtration  washed  with 
diethyl ether and vacuum dried. Yield: 16 mg (60 %). Found (for crystals): C, 41.2; H, 2.82; 
N, 6.70. C96H58N16F12O24Re4S4·6(CH3COCH3) (MW = 3269.09) requires C, 41.9; H, 2.90; N, 
6.85. 1H NMR (δ, CD3NO2) see text. Selected IR (KBr, cm-1): ν CO 2030 (s) 1929 and 1920 (s, 
br).
2Zn-5Zn
Insertion of  zinc into the pyridylporphyrin adducts  2-5 was performed according to 
this  general  procedure:  a  concentrated  CH2Cl2 solution  of  each  compound  was  treated 
overnight with an 8-fold molar excess of  Zn(CH3COO)2 dissolved in the minimum amount 
of  MeOH. The solution was dried in vacuo and the obtained solid dissolved in CH2Cl2.The 
product was precipitated by addition of  n-hexane, removed by filtration, washed thoroughly 
with cold methanol and diethyl ether and vacuum dried. Yield > 85%. The compounds were 
characterized by UV-vis and 1H NMR spectroscopy.
[fac-Re(CO)3(bipy)(Zn·4'MPyP)](CF3SO3) (2Zn). C57H35F3N7O6ReSZn (MW = 1254,59). 
1H NMR (δ, CDCl3 + CD3OD, see Figure 1 for labelling scheme): 9.27 (d, 2H, H6,6' bipy); 
9.00 (d, 2H, H3,3' bipy); 8.96 (d, 2H, βH); 8.92 (m, 4H, βH); 8.63 (d, 2H, βH); 8.51 (d, 2H, 
H2,6 py); 8.42 (t, 2H, H4,4' bipy); 8.18 (m, 8H, H3,5 py + oH); 7.82 (t, 2H, H5,5' bipy); 7.74 
(m, 9H, m+pH).
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[fac-{Re(CO)3(bipy)}4(μ-Zn·4'TPyP)](CF3SO3)4 (3Zn). 1H NMR (δ, CD3OD, see Figure 
1 for labelling scheme) 9.52 (d, 8H, H6,6' bipy), 8.81 (d, 8H, H2,6 py), 8.79 (d, 8H, H3,3' 
bipy), 8.63 (s, 8H, βH), 8.47 (t, 8H, H4,4' bipy), 8.11 (d, 8H, H3,5 py), 7.98 (t, 8H, H5,5').
[fac-Re(CO)3(bipy)(Zn·3'MPyP)](CF3SO3)  (4Zn).  1H NMR (δ,  CDCl3 + CD3OD, see 
Figure 8 for labelling scheme): 9.10 (d, 2H, H6,6' ); 8.95 (s, 1H, H2 bipy); 8.88 (m, 4H, βH); 
8.80 (m, 4H, , H3,3' + βH); 8.63 (d, 1H, H6); 8.49 (d, 1H, H4); 8.30 (t, 2H, H4,4' bipy); 8.30 
(d, 2H, βH); 8.18 (m, 8H, oH + βH); 7.73 (m, 10H, H5 + m+pH); 7.61 (t, 2H, H5,5' bipy).
[fac-{Re(CO)3(bipy)}4(μ-Zn·3'TPyP)](CF3SO3)4 (5Zn). See text for 1H NMR spectrum.
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Design and metal-mediated construction of molecular cages
Foreword
As already anticipated in the Introduction, the field  of  supramolecular  cage-systems 
built by self assembly is a relatively new and intriguing part of supramolecular chemistry: the 
metal-mediated synthetic approach has permitted the synthesis of new systems, of increasing 
complexity, that might find a wide range of applications, (i.e. molecular sensors or receptors, 
supramolecular catalysts ..).
Introduction
In recent years we have  studied the syntesis of metallacycles of porphyrins and their 
use as building blocks for the construction of higher order supramolecular assemblies.1 
Treatment of  4'-cisDPyP with a stoichiometric amount of [t,c,c-RuCl2(CO)2(dmso-O)2] 
(1) or [trans-RuCl2(dmso-S)4] (2) led to the formation of the corresponding 2:2 homonuclear 
metallacycles of  porphyrins  of  formula  [t,c,c-RuCl2(CO)2(4'-cisDPyP)]2  (3)  and  [t,c,c-
RuCl2(dmso-S)2(4'-cisDPyP)]2  (4), respectively (Scheme 1). These products were purified by 
column chromatography  and  fully  characterized  by  means  of  NMR spectroscopy,  X-ray 
crystallography and FAB mass spectrometry.1
Treatment of both 3 and 4 with excess zinc acetate in a chloroform\methanol mixtures led 
to the isolation of the corresponding zinc adducts  [t,c,c-RuCl2(CO)2(Zn·4'-cisDPyP)]2 (3Zn) 
and [t,c,c-RuCl2(dmso-S)2(Zn·4'-cisDPyP)]2 (4Zn), respectively (Scheme 1). 
Scheme 1.  1:1 reaction of Ru(II) compounds  1 (X = CO, Y = dmso-O) or  2 (X = Y = 
dmso-S) with  4'-cisDPyP leading to 2+2 molecular square 3 and 4. The second step of the 
reaction is the insertion of Zn2+ into the porphyrin cores, yielding the corresponding  zinc 
adducts  [t,c,c-RuCl2(CO)2(Zn·4'-cisDPyP)]2 (3Zn)  and  [t,c,c-RuCl2(dmso-S)2(Zn·4'-cisDPyP)]2 
(4Zn).
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Chapter Five 
X-ray crystallography established that  3Zn is perfectly flat in the solid state, meaning 
that the two zinc ions lay on the same plane at the distance of ca. 13.5 Å (Figure 1).
In general, the insertion of metal ions inside the 
porphyrin  cores,  in  addition  of  changing  the  redox 
and  photophysical  parameters  of  the  chromophore, 
introduces new acceptor centers for further reaction. 
The number of axial coordination sites (one or two) 
that  can be exploited,  their affinity toward different 
donor  atoms  as  well  as  their  exchange-kinetic 
parameters can be fine-tuned by changing the nature 
and/or the oxidation state of the metal center inserted 
into  the  porphyrin  core.2  In  particular,  as  shown 
previously  in  Chapter  3,  zinc-porphyrins  prefer 
nitrogen donor ligands, adopt five-coordinate square pyramidal geometry and are kinetically 
relative labile. Thus  3Zn and  4Zn are building blocks with two acceptor sites that can be 
treated with appropriate multidentate donor ligands for the construction of more elaborate 
supramolecular adducts (Figure 2).
Although oligomers3 and polymers 
(molecular wires)4 of  metallo-porphyrins 
axially  connected  through  bridging 
ligands  have  been  described,  there  are 
few examples concerning discrete multi-
porphyrin  system.  Anderson  and  co-
workers  have  recently  reported  the 
template-directed  synthesis  of  a  fully 
conjugated  butadiyne-linked  cyclic  zinc 
porphyrin octamer that wraps around an 
octa-dentate  nitrogen  templating  ligand 
to form a porphyrin wheel.5
In  previous  work  we  described  the 
reactivity of  3Zn towards a series of ditopic N-donor ligands (L), such as 4,4'-bipy and 4'-
transDPyP.1
Treatment of  3Zn with an equimolar amount of L led to the selective formation of 
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Figure 2. Schematic rapresentation of a 
“molecular cage” formed from 3Zn.
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molecular  cages  consisting of two  porphyrin  metallacycles  connected face-to-face by two 
linear linkers that are axially bound to the zinc atoms (Figure 2).
The 2:2 molecular cages (also defined molecular sandwiches of porphyrins) were fully 
characterized by 1H NMR spectroscopy and the solid state X-ray structure of one of them, 
[(3Zn)2(μ-4'-transDPyP)2],  was also determined by X-ray crystallography (Figure 3). 
Figure 3. X-ray structure of the molecular cage [(3Zn)2(μ-4'-transDPyP)2]. 
As a logical extension of that work, we have now investigated the reactivity of  3Zn 
towards a tridentate N–donor planar linker, 1,3,5-pyridyl-2,4,7-triazine (TPT), with the aim 
of obtaining a 3:2 molecular cylinder. 
The  reaction  was  monitored  by  1H  NMR  spectroscopy.  Addition  of  less  than 
stoichiometric  amounts  of  TPT  to  a  deacidified  CDCl3 solution  of  3Zn induced  the 
appearance  of  some  relatively  broad  signals,  which  sharpened  upon  lowering  the 
temperature.  Below  -20  °C  two  sets  of  resonances  were  detected,  one  relative  to  the 
unreacted 3Zn and the other assigned to the 3:2 supramolecular adduct of  formula  [{t,c,c-
RuCl2(CO)2(4'-cisDPyP)]2}3{μ-TPT}2] (5), consisting of two TPT molecules axially connected 
to three porphyrin metallacycles by a total of six (pyridyl)N–Zn coordination bonds (Scheme 
2). No  signals  relative  to  uncoordinated  TPT  or  to  other  reaction  intermediates  were 
observed.
111
Chapter Five 
Scheme 2.  3:2 reaction of  3Zn with the tritopic ligand TPT that led the formation of a 
molecular prismatic cage 5.
When the stoichiometric ratio between 3Zn and TPT was reached,  the resonances of 
unreacted 3Zn disappeared and only the signals corresponding to the complete formation of 
5 were observed. These resonances are still relatively broad at room temperature, but become 
sharp and well resolved on lowering the temperature below -20 °C. Complete assignment 
was accomplished by 2D H-H COSY experiments.
The main features of the NMR spectrum of 5, that unambiguously establish the nature 
and geometry of the adduct, are listed below:
• Integration  of  the  resonances  pertaining  to  TPT  and  to  the  porphyrin 
metallacycle indicates that the ratio of the two components in the adduct is 2:3.
• The two TPT ligands give rise just  to two equally intense resonances only, 
implying that they are equivalent to each other and symmetrically coordinated.
• Axial coordination of TPT to the zinc-porphyrins is unequivocally indicated by 
the large upfield shift of the resonances of the pyridyl protons o-Py (Δδ = -6.8 ppm) 
and m-Py (Δδ= -2.8 ppm) due to the additive ring-shielding effect of the porphyrin 
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macrocycles.
• Consistent  with  the  high  symmetry  of  the  adduct,  all  six  porphyrins  are 
equivalent  and  give  only  one  set  of  signals,  that  are  slightly  upfield  shifted  as 
compared  3Zn.  This  is  due  to  the  canted  disposition  of  the  three  porphyrin 
metallacycles that induces a partial mutual shielding.6-8
• The resonances of the  ortho and  meta protons of the  meso pyridyl and phenyl 
rings of 4'-cisDPyP in 5, that are relatively broad at room temperature, split each into 
two  sharp  signals  of  equal  intensity  on  lowering  the  temperature  below  -20°C 
(Figure 4).
Figure 4. 1H-NMR titration of 3Zn with TPT in CDCl3: 4) Free TPT; 3) compound 3Zn; 2) 
5 at RT; 1) 5 at -20 °C.
This splitting clearly indicates that, at low temperature, the protons on the two sides of 
each six-membered ring experience different local environments, which is consistent with the 
“cylindrical shaped cage” geometry proposed for 5. In fact, the  meso pyridyl and phenyl rings 
like to stay normal to the porphyrin plane due to steric interactions with the adjacent pyrrole 
protons.  As a consequence their protons (except the phenyl  para protons) experience two 
different magnetic environments depending whether they are oriented towards the inside 
(endo) or the outside (exo) of the cage. At room temperature the rotation around the Cmeso–Cring 
bond is relatively fast on the NMR time scale and the corresponding signals are averaged. 
Below -20 °C the rotation becomes slow on the NMR time scale and the endo and exo protons 
113
Chapter Five 
have resolved resonances. In previous examples of similar porphyrin assemblies, in each pair 
of resonances, the most upfield doublet was assigned to the endo protons, which are expected 
to be more shielded by the porphyrin rings than the corresponding exo protons. 
In the case of 5, the 2D HH-COSY spectrum at -20 °C showed an unexpected different 
feature. The more downfield H2,6 doublet is correlated with the more upfield resonance of 
the H3,5 pair. (Figure 5)
Viceversa,  the  correlation  pattern  for  the  resonances  of  the  ortho and  meta phenyl 
protons  is  normal  (Figure  5),  i.e.  both  protons  on  one  side  of  the  ring  resonate  more 
downfield than those on the other side.
There are two possible explanations to this unexpected feature:  i) either the  exo H3,5 
doublet is anomalously shifted upfield, or  ii) the  endo H2,6 doublet is anomalously shifted 
downfield.  For the reasons detailed below,  we prefer the second explanation. The X-ray 
structure of  5 (see below), that is totally consistent with the NMR spectra in solution and 
thus  represents  a  good  approximation  of  the  solution  structure,  in  particular  at  low 
temperature when rotations are slow, shows that each H2,6  endo proton (but not the  exo 
proton) is close to two Cl atoms: one from the Ru atom to which the pyridyl ring is bound 
and one from a Ru corner of the adjacent metallacycle (both at the distance of 2.86 Å). It is 
known from the literature that, on Ru(II) complexes, when a proton with a partial positive 
charge (such as those adjacent to a pyridyl N atom) is in close proximity to halide atoms (i.e. 
atoms with  a  partial  negative  charge)  its  NMR resonance  experiences  a  downfield  shift, 
whose entity depends on the distance and on the nature of the halide (Br > Cl).9 We argue 
that, as a consequence of the additional electrostatic interaction with the Cl ion from the 
adjacent Ru corner, the H2,6 endo protons experience an additional downfield shift that is 
capable  of  offsetting the  normal upfield  shift  caused by the shielding cones of  the other 
porphyrin rings in 5.
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Figure 5. HH COSY spectrum of 5 in CDCl3  at -20 °C (left). On the right, a zoom of the 
aromatic region of the HH COSY.
X-ray structure of [{t,c,c-RuCl2(CO)2(4'-cisDPyP)]2}3{μ-TPT}2] (5)
Single crystal of  the molecular cylinder suitable for X-ray investigation were obtained 
by layering  n-hexane on top of a CHCl3 solution of  5.  The structural  determination of  5 
indicates  that  the  molecular  cylinder  architecture  observed  in  solution,  containing  three 
porphyrin metallacycles 3Zn axially connected by two TPT ligands, is maintained also in the 
solid state (Figure 6). 
Figure 6.  Two views of the X-ray structure of  5: perpendicular (left) and parallel (right) to the two TPT 
molecules. Selected distances in Å: Ru3···Ru3': 14.307 ; Ru1···Ru2: 14.017 ; Ru1···Ru1': 6.526; Ru2···Ru3: 
6.549; Ru2'···Ru3': 6.549; Zn3···Zn3': 13.581 ; Zn1··· Zn2: 13.895; Zn1···Zn2': 13.205; Zn2···Zn1': 13.205. 
Mean distance between the two TPT molecules: 13.27  Angle between the planes Zn1/Zn2 and Zn3/Zn3': 
61.41°; Angle between the planes Zn1/Zn2 and Zn1'/Zn2': 57.18°.
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The ruthenium ions have an octahedral coordination geometry, with normal Ru–C, Ru–
Cl  and  Ru–N  bond  distances  in  a  range  of  1.892(15)-1.933(18),  2.335(7)-2.412(7),  and 
2.107(13)-2.198(12)  Å, respectively.  Each zinc ion inside the porphyrin presents  a square 
pyramidal geometry, being axially bound to a pyridyl ring of the connecting TPT linker. The 
Zn–N(porphyrin)  bond  lengths  fall  in  a  the  range  2.021(11)-2.143(15)  Å,  the  axial  Zn–
N(Pyridyl) ones are in between 2.082(11)-2.163(11) Å. As already reported for the case of 
[(3Zn)2(μ-4'-transDPyP)2], the Zn–N(porphyrin) bond lengths appear to be shorter than the 
Zn–N(Py) ones.
Compound 5, that appears to possess a pseudo three-fold symmetry when viewed down 
a vector passing through the triazine fragments (Figure 6), is located in the solid state on a 
crystallographic  two  fold  axis  passing  in  between  the  metallacycles  that  contain 
Ru1Zn1/Ru2Zn2  and  Ru1'Zn1'/Ru2'Zn2',  respectively,  and  in  the  middle  of  the 
Ru3Zn3/Ru3'Zn3'  metallacycle.  The  two  former  metallacycles  form  a  dihedral  angle  of 
57.18(6)°, while the corresponding angle that these form with the “base” Ru3Zn3/Ru3'Zn3' 
is of 61.41(6)°.
In order to give an estimation of the molecular dimensions, the distance between Ru1 
and  Ru2 is 14.017(6) Å, while that between Ru3 and  Ru3' is slightly longer, 14.307(4) Å, 
while the distances between Zn ions within each metallacycle is 13.895(6) Å for Zn1 and Zn2 
and 13.581(7) Å for Zn3 and Zn3'. The molecule presents a large cavity with a distance of 
13.27 Å between the triazine centroids.
The crystal packing evidences channels parallel to the c cell axis as shown in Figure 7. 
This considerably large void space, which account for 49.2% of the unit cell volume, is likely 
filled by lattice solvent molecules, but the diffraction data (1.1 Å resolution) allowed to detect 
only  three  independent  molecules  of  chloroform  (two  at  half  occupancy)  that  are 
encapsulated inside the complex (Figure 8).
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Figure 7. Crystal packing of the complex molecules outlining void channels down axis c. 
Figure 8. Scheme of the molecule with encapsulated solvent chloroform molecules.
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A slipped-cofacial porphyrin macrocycle as new building block for the construction 
of higher-order assemblies
We performed a preliminarly investigation on the possibility of exploiting a non-planar 
metallacycle  of  zinc-porphyrins  as  ditopic  fragment  for  the  construction  of  novel  metal-
mediated adducts. 
We recently  reported  that  treatment  of  3'-cisDPyP (rather  than  4'-cisDPyP)   with  a 
stoichiometric  amount  of  [t,c,c-RuCl2(CO)2(dmso-O)2] leads  to  the  formation  of  the   2:2 
homonuclear metallacycle of porphyrins of formula [t,c,c-RuCl2(CO)2(3'-cisDPyP)]2  (6) that is 
a geometrical isomer of 3 (Scheme 3).14
Scheme 3. 1:1 reaction of Ru(II) compound 1 with  3'-cisDPyP leading to the 2:2 porphyrin 
metallacycle  6.  The  subsequent  insertion  of  Zn2+ yields  the  corresponding  [t,c,c-
RuCl2(CO)2(Zn·3'-cisDPyP)]2 (6Zn).
As established by NMR spectroscopy and X-ray crystallography, both in solution and in 
the solid state,  6 is not flat like  3, but has an unprecedented slipped-cofacial geometry: the 
two porphyrins are parallel to each other, at a distance of 4.2 Å. 
Treatment of 6 with excess zinc acetate in a chloroform\methanol solution led to the 
isolation of the corresponding zinc adduct [t,c,c-RuCl2(CO)2(Zn·3'-cisDPyP)]2 (6Zn). Figure 9 
depicts the X-ray structure of 6 and a schematic representation of 6Zn.
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Figure 9. X-ray structure of  6 (left and top right) and a schematic representation of  6Zn. 
By virtue of the slipped-cofacial geometry the two zinc atoms in 6Zn are closer than in 
3Zn: when projected on the same plane the Zn···Zn distance in 6Zn is 9.8 Å, compared to 
14.0 Å in 3Zn. Thus 6Zn can be considered as a novel building block, with different shape 
and metrical parameters compared to its flat counterpart  3Zn. Similarly to  3Zn it has two 
acceptor sites (the Zn atoms) and can be treated with appropriate linkers for the construction 
of higher-order supramolecular adducts. For example, the reaction of 6Zn with an equimolar 
amount of a linear linker is anticipated to lead to the formation of the corresponding 2+2 
molecular sandwich, in which two slipped-cofacial macrocycles are connected by two parallel 
linkers (slipped sandwich). Compared to the corresponding adducts with the flat metallacycles 
3Zn, in a  slipped sandwich molecule the bridging linkers are expected to be closer to one 
another and, in addition, with an offset equal to the height of the step in the metallacycle 
(Figure 10). 
Figure 10.  Schematic view  of a  slipped molecular sandwich of porphyrins generated by the 
reaction of 6Zn with an equimolar amount of a linear ditopic linker.
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We investigated the reaction of 6Zn with the linear ditopic linker 4'-transDPyP. As for 
the case of 3Zn, the reaction was monitored by 1H NMR spectroscopy in CDCl3 (Figure 11).
Figure 11. 1H-NMR titration of 6Zn with 4'-transDPyP in CDCl3.
Even  though  in  this  case  the  1H  NMR  spectra  are  more  complicated  due  to  the 
presence  of  more resonances  for  the protons  of  the metallacycle,  addition  of  increasing 
amounts  of  4'-transDPyP to  a  CDCl3 solution  of  6Zn induced  the  appearance  of  some 
slightly broadened signals in the upfield region and the splitting of several resonances of the 
meso aromatic rings, consistent with the selective formation of the expected slipped sandwich 
molecule.
Symmetrical axial coordination of 4'-transDPyP is unequivocally indicated by the large 
upfield shift of the resonances of the pyridyl protons  o-Py (Δδ = -6.3 ppm) and m-Py (Δδ = 
-2.7  ppm)  due  to  the  combined  shielding  of  the  porphyrins  on  the  slipped  cofacial 
macrocycles. Integration is consistent with a 1:1 ratio between 4'-transDPyP and 6Zn in the 
adduct, even though a low temperature  1H  NMR spectrum, in which the relatively broad 
resonance present at  RT  are expected to sharpen,  was not performed yet.  For the same 
reason, the full attribution of the NMR resonances of the product was not yet attempted.
Conclusions
In this chapter we described in detail the synthesis and structural charachterization of a 
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new  fascinating  metal-mediated  supramolecular  “cage”  of  porphyrins  in  which  three 
metallacycles of porphyrins are connected through the flat tridentate linker TPT. There are in 
the literature  previous examples of  metal-mediated  multiporphyrin supramolecular  cages11 
but, to our knowledge, there is only another example  (reported by our group) in wich as 
many  as  six  porphyrin  units  are  connected  just  through metal  centers bonds  to  form a 
discrete system.1
We  also  reported  a  preliminary  study  for  the  synthesis  of  a  newly-shaped 
supramolecular  multiporphyrin  assembly,  a  slipped molecular  sandwich,  using as  building 
block the slipped-cofacial metallacycle of zinc-porphyrins 6Zn rather than the flat analogue 
3Zn. 
In the future, beside performing a more detailed investigation of 5, (i.e. determination of 
the association constant, host-guest properties..) we want to continue the investigation of the 
reactivity of the slipped cofacial macrocycle 6Zn toward both  4'-transDPyP and other ditopic 
nitrogen linkers.
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Experimental part
The  structure  was  determined  by  Prof.  E.  Zangrando,  Crystallographic  Lab  of 
Dipartimento di Scienze Chimiche, Trieste, Italy.  The diffraction data were collected on a 
CCD MAR detector at the X-ray diffraction beamline of the Elettra Synchrotron, Trieste 
(Italy), by using the rotating crystal method with monochromatic wavelength of 1.0000 Å. 
Measurements  were  performed  at  100  K  using  a  nitrogen  stream  cryo-cooler.  Cell 
refinement,  indexing  and  scaling  of  the  data  sets  were  carried  out  using  MOSFLM and 
SCALA.12 The structure was solved by direct methods using SHELXS. The structure was 
solved  by  Patterson  and  Fourier  analyses13 and  refined  by  the  full-matrix  least-squares 
method based on F2 with all observed reflections.14 A difference Fourier synthesis revealed 
three molecule of CHCl3 in the asymmetric unit (two of these at half occupancy). While the 
final refinement was satisfactory, it was apparent that the solvent molecules were not well 
defined. To further investigate this, the SQUEEZE function14 of the program PLATON was 
used to examine the solvent-containing cavities. A refinement using reflections modified by 
the SQUEEZE procedure behaved well and the R-factors were significantly reduced. 
All the calculations were performed using the WINGX SYSTEM, Ver 1.64.04.15
Crystal data: C300H180Cl12N48O12Ru6Zn6.4(CHCl3), M = 6550.43, monoclinic, space group C 
2/c, a = 42.425(4), b = 31.734(4), c = 39.296(5) Å, β = 114.71(3)°, Volume = 48062(10) Å3, 
Z = 4, rcalcd= 0.905 g/cm3. Final R1 = 0.0914, wR2 = 0.2432, for 950 parameters and 118132 
collected reflections, 14568 unique, of which 7304 with I > 2s(I), max positive and negative 
peaks in ΔF map 0.688 and -0.515 e. Å-3. 
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